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ARSTRACT 
Machines have been developed to generate high velocity pulsed 
water jets to cut hard materials such as rock. These devices may be 
classified according to the effect they produce on the water which 
flows through them i. e. pressure-extrusion, impact-extrusion or 
impact-cumulation. 
Pressure-extrusion devices generate pulsed jets by extruding water 
through a nozzle under the action of a piston which is moving under the 
influence of a compressed gas. In impact-extrusion devices, the piston 
is allowed to accelerate, so gaining kinetic energy, before it strikes 
the water. Impact-cumulation in turn, differs from impact-extrusion in 
I 
t'.,, at the nozzle is free or partly free of water before impact. 
The present work was principally concerned with the unsteady 
compressible flow of water through a convergent nozzle of an impact- 
cumulation device. A one-dimensional finite difference method was 
developed to analyse the flow through the nozzle. The influence of nozzle 
geometry, fluid velocity and piston design on various aspects of 
performance were considered and in addition a performance criterion was 
introduced in the context of cutting behaviour. 
Experimental studies have been made which provide confirmation of 
many of the computed results particularly with regard to maximum jet head J 
velocity and pressure history in the nozzle. 
iii 
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1. Introduction. 
1.1. General Introduction. 
In the mining, tunnelling and excavating industries there is - 
constant demand for new technological developments which can increase 
speed and efficiency and decreasF the costs (27,160). Over the last 
decade several advances in rock cutting techniques have been made. 
Modern tunnel boring machines, for example, are capable of spectacular 
removal rates when operating under favourable conditions. In hard rocks, 
however, poor machine performance accompanied by unacceptable cutter wear 
renders traditional drill and blast methods more attractive (32). Even 
when machine operation is economically viable, safety standards must also 
be considered. Mechanizal cutters generate dust which can be a serious 
health hazard, wh4lst frictional ignition of methane is a major cause of 
coal mining explosions (119,120). Alternative methods which would over- 
come the present limitations of mechanical cutters would clearly be 
attractive. 
The use of high-speed water jets for rock cutting purposes would 
appear te offer several advantages. Dust and frictional ignition of 
inflammable material should be eliminated (24,120,124) and there may also 
be advantages in reduced noise levels compared with those of mechanical 
cutters and chisels (22). The jets are capable of destroying hard materials 
such as rock or metal without significant wear of machine components, 
notably the nozzle (38,24). In addition, water jet devices can be 
significantly lighter, smaller, less expensive and more manoeuverable than 
conventional mechanical machines (124). 
Water jets can be produced in several ways, but essentially they are 
generated by forcing water with a pump or piston through an orifice or 
nozzle. The jets emitted from such devices can be classified as either 
continuous or pulsed. With a continuous system there is an uninterrupted 
flow of fl-u-id, on,, --o the target and 
UE-Le resultant damaggee is reý, -tted to the 
jet stagnation pressure. A major disadvantage of the continuous jet 
system is the difficulty experienced in generating stagnation pres ures 
of sufficient magnitude; the efficient br-ýaking of certain hard rock 
materials is beyond their capabiliE-4es, given present day pump 
technology. (12,40). 
The major advantage of the pulsed jet is that extremely high pressures 
are generated, of 'water hammer' magnitude, in the area where the head of 
the jet strikes the target. The resultant pressure will, of course, depend 
on the jet velocity but, nevertheless, will be considerably greater thail the 
stagnation pjýý§sure. The impact pressure of the pulsed jet can be several 
times higher than the rp. --terial compressivrt strength and 
it is this character- 
istic which is exploited. It is also important in the context oL overall 
cutting performance, however, to consider the 'quasi-steady' flow phase (43) 
in which the jet stagnation pressure though lower than the initial impact 
may remain sufficiently high to cause significant further damage to the 
target. The relative importance of the above two-phase cutting mechanism 
is invest-i-gated in the present work. 
Pulsed jets can be generated in two basic ways, either by buildin, a 
specific machine to produce pulsed jets or by modifying an existing continuous 
jet system. A4- long stand-off distances an initially continuous jet will 
break up into individual slugs, the impact of each drop resulting in water- 
hammer pressures (139). Alternatively a continuous jet can be periodically 
interrupted with the same eff-ect, while a j-ur-t-'JLLer dz-velopment iG to -uio. '-; 'A. aLe 
'113,121). the discharge by controlling the nozzle input flow ( 
Purpose-built jet devices may be classified according to the effect 
they produce in the water which flows through them, i. e. pressure-extrusion, 
impact -extrusion, or impact-cumulation (118,24,45). 
Pressure-extrusion devices generate pulsed jets by extruding water 
through a nozzle under the action of ap Lstori, moving under the influence Of 
a compressed gas. In irinpact-e. -ýtrusicn devices., tile piston is allowed to 
3. 
accelerate, so gaining kinetic energy, before striking the water. 
Impact-cumulation 
. 
in turn, dif f ers f rom impact-extrusion in _Lhat the 
nozz e is free or partly free of water before impact. The highest jet 
stagnation pressures are obtained with cumulation systems, but only at 
the expense of very high nozzle pressures (48,71,138), nevertheless 
is approach still appears very attractive for cutting harder materials 
and it is the object of the present work to improve the understanding of C) 
this particular process. Pulsed-jet devices, particularly impact-extrusian 
and impact-cumulation are often referred to as water-cannons. 
The impact -c umul a tion syste-m consists of five major components: 
f gas driver chamber, Er-ýe piston, barrel, impact chamber and nozzle (see 
f ig. (1.1)). Under the inf luence of a compressed gas the piston moves down 
the barrel and eventually strikes the stationary water packet located in 
the impacL chamber. The ensuing unsteady nozzle flow is an example of a 
cumulation process which is comparable with the shaped-charge principle 
(6,108). This process results in the transfer of a considerable portion 
of the original kinetic energy of the piston into a small 
fraction of the leading portion of the water packet. The emerging jet can 
be highly supersonic although the jet velocity at the nozzle exit decays 
rapidly (45,4', ). 
An appreciable body of experimental data now exists on certain aspects 
cf the performance of specific nozzles used to produce pulsed, high speed 
I A- A. - --C- liquid jets (24,33,38,124". Theorcti-al and -. i-umc--*--l st-d-Ins t-1-- 
flow problem, however, are relatively few in number. The main emphasis in 
existing studies of jet cutting technology has been on attaining the 
greatest possible initial jet velocity; less regard has been paid to other 
aspects of nozzle performance. A further point of considerable 
interest 
is that the information regarding the nozzle condition after extensive use 
is both limited and conflicting in naturc (24,33,45). 
The aim of the present irriestigation is to augment the iimited amount 
I 
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5. 
of existing data by a programme of experimental and numerical studies. 
The influence of nozzle geometry, fluid velocity and piston design on various 
aspects of performance are considered in t1o. e numerical work and in addition 
a performance criterion is introduced in the context of cutting behaviour. 
Salient features of the numerical work, including choice of piston material) 
are compared with experimental results. The nozzles, because of the high 
pressure levels associated with Jnpact-cumulation , were carefully monitored 
by regular inspection which included the measurement of the nozzle profile 
(see Appendix 7). 
1.2. AlReview'of Existýng Nozzle Flow Theory 
1.2.1. Incompressible Analysis of'the Impact Cumulation Process 
An incompresbible theory regarding the piston-water impact phase and 0 
subsequent nozzle flow was developed by Voitsei-, hovsky and this led to a 
patent describing a novel Piston-nozzle arrangement (153). According to Cý 
this invention more piston kinetic energy is transferred to the water with 
a nozzle of exponential profile than with alternative nozzles then in use. 
In addition, the piston mass is related to the rate of change of cross- 
sectional area, given by the following expression: 
-x/KK,, A0e I. i 
where A is the variable cross-sectional area of the nozzle; A0, the ent-rj 
cross-sectional area of the nozzle; x, the variable coordinate along the 
nozzle axis; and Ka nozzle shape parameter which is given by: 
AM 
K0 
pAp 
1.2 
where M is the mass of the piston; Ap, the cross-sectional area of the 
piston; p, the density of the liquid; Kl, a coefficient (0.6-1); K2. a 
coefficient (0.7-1). 
It is claimed that the above combination of piston mass and nozzle 
geometry results in the pressure, in the vicinity of the nozzle entrance, 
6. 
rising rcapidly af ter impact end then remaining approximately constant. 
Alternative piston-nozzle systems then available, such as those using a 
conical nozzle, are credited with only a slow rise in the nozzle entry 
pressure. The constant pressure condition attributed to the Voitsekhovsky 
nozzle was thought to result in a superior performance. Details of his 
analysis were not published but information presented by Cooley (37) indicates 
that an unsteady incompressible nozzle flow theory was developed, similar to 
the later work of Ryhming (138). 
Certain features of the flow described in Voitsekhovsky's patent 
can be misleading, particularly the claim of a constant impact chamber 
pressure; a more accurate study must consider compressibility effects in the 
water and piston, especially the significance of transmitted pressure 
waves (see 2.2. ) 
1.2.2. Compressible Flow of'Water through an Orifice. 
Cooley, W. (27) developed a method to solve the piston-water impact 
and the subsequent flow through an orifice. The effect of air pressure 
in front of the piston prior to impact was also considered. The basic 
equations and solution procedures were similar to those used in light gas 
gun studies (lAO). Compressibility effects were included in the analysis 
and for the water an equation of state independent of energy was used, 
the pressure being a function of density only. 
I 
Explosively Generated Fluid Jets. 
Politzer, J. L. and King, W. F. (126) investigated the hydrodynamics of 
explosively driven incompressible jets but only for restricted conditions. 
The piston and water were assumed to be initially at rest, the water 
filling both the nozzle and barrel. Under the action of the explosive 
charge, the piston accelerates, resulting 
in water being extruded through 
I 
the nozzle. A general expression was developed 
describing t-'. e piston 
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velocity as a function of the di-stance it travels; from this and 
assuming incompressible flow, the jet velocity was assumed to be 
directly proportional to the piston veloc-Lty. Calculations of piston 
velocity for a specific nozzle were not given, the relevant expression 
being in the form of an integral, the solution of which depends on the 
nozzle area function and properties of the explosive charge. 
Unsteady Compressible Jet Nozzle Flow. 
Recently Ry1ming, I. L. (138) developed an incompressible, unsteady 
analysL. s of a water packet flowing into a converging nozzle. The 
mechanics of the process were determined by applying the Lagrangian form 
of the conservation equations of mass and energy_, together with the 
unsteady version f the Bernoulli equation. Ryhming's theory compared well 
with both the numerical work of Glenn (71), where compressibility effects 
were considered and also with experimental results (45). His theory, 
however, is not suited for nozzles where compressibility effects are 
significant (45,71), or if zones of cavitation develop within the fluid 
packet (138). When piston-impact generated flows are analysed by this method, 
a rigid-body-collision model is used, based on the conservation of momentum. 
A more accuratp analysis would include compressibility effects, but for 
exponential and hyperbolic nozzles with high area ratios, simple expressions 
bave been developed regarding maximum velocity and pressure, these are: - 
Exponential Nozzle: - 
Umax =UR 
log 
eR 0L 
r 
1pU2 Pmax (2 
max 
1.3 
1.4 
Hyperbolic Nozzle: - 
Umax =U {2 R (I-RI)II oL 
Fmax =pu max 
1.5 
1.6 
8. 
For all nozzles: - 
U(, -, ) = Umax {I+a-ltl-l 
For exponential nozzle: - 
21 L 
R' U 
0 
For hyperbolic nozzle: 
{log R . 1-3 
12 
e 'r 
21 L -f2 
r 3f (1-R 
I 
R2U 
0 
1.7 
1.8 
1.9 
Where Umax is the maximum jet velocity; U0, the initial impact velocity; 
Fmax, the maximum static nozzle pressure; p, the water density; Lr, the 
ratio of nozzle length (L) to the water packet length (1) i. e. R, the 
area ratio; t, the time from the onset of jetting and ý the characteristic 
decay time. With particular reference to the a'Love equations regarding 
velocity and pressure, the exponential and hyperbolic nozzles are defined 
as: - 
Exponential: A(x) = A(o) exýf- 2ý In RI 1.10 p- L 
1-2 Hyperbolic: A (x) =A (o) (R 
2 
-1) 4 
L 
w1here x is the distance along the nozzle; L, the nozzle length; A(x), the 
cross-sectional area at x; Ao, the inlet cross-sectional area and 
nozzle area ratio. 
1.2.5. Unsteady, Compressible j, 2t Nozzle Flow 
Glenn (111) used an integral analogue "Leaky Lagrangian" finite- 
the 
difference scheme, based on an original formulation by Trulio and Trigger C) 
(152), to model the flow in an exponential nozzle. In this particular 
study the water packet itself was considered to accelerate along the 
barrel thus acting as a fluid piston, eventually flowing directly into 
the nozzle. This approach has several advantages since it eliminates the 
impedance mis-match of a conventional solid piston impact, the flow process 
is more efficient whilst the impact chamber pressures are significantly 
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reduced (71). The concept of the fluid piston, with its associated 
imprOVL-., ent in performance, has been attributed to Lemcke (108), although 
Cooley (38) performed experiments with such pistons at approximately 
the same time. 
Four parameters which have an important influence on the nozzle flow 
are: length ratio (L/1); area ratio (Ae/Ao); nozzle shape and initial fluid 
velocity. Their effect on the nozzle performance was investigated within 
0 a restricted range. In Glenn's numerical calculations the fluid packet is 
treated as a series of separate zones. Conservation laws are applied 
at a series of small time steps to eacn of the discrete zones into which 
the fluid packet is divided and re-zoning takes place at each step to 
maintain uniformity of zone length. (This procedure is examilied in 
detail in(4.1.2. )). A zero-pressure 'Eulerian' boundary condition is 
imposed at the nozzle exit. - fluid reaching this point is considered to flow 
out of the system and is not included in further computations. The zero- 
pressure boundary condition at the nozzle exit is not realistic for 
supersonic flow although within the constraints of the one-dimensional 
formulation it is a reasonable approximation. The equation of state used 
to predict the properties of water was independent of energy, the pressure 
being a function of density only. This relationship was developed by 
Riney (133) --. r,. d is based on the use of a 3rd-order numerical approximation 
to data which is due to Rice and Walsh (131). This simple expression is 
accurate over the'pressure range of interest(O-30kbar) assuming approximately 
zero energy conditions. A more rigorous approach, however, would be to use 
an equation of state dependent on both density and energy, when examining 
certain nozzle flow problems, in view of the possible high energy levels 
that may be attained (71). The necessary volume calculations in the 
numerical work (see (4.7)) are carried out by summing the volume of a 
scriess of cone frusta elements that approximately describe the nozzle 
profile. This has the advantage that nozzles of any reasonable shape can 
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be examined. Many nozzle profiles of interest, however, can be described 
precisply by a mathematical function, making the above approximation 
unnecessary. 
An interesting feature of Glenn's work is his introduction of an 
efficiency criterion for nozzle comparison. This is achieved by examining 
the maximum j et velocity and nozzle ef f iciency f or a given limiting 
maximum nozzle pressure. The ef f iciency is considered to be the ratio of 
the useful jet kinetic energy to the original water packet kinetic energy; 
the useful kinetic energy being calculated above a certain threshold 
velocity, below which the ef. 1- -'ects of the jet are considered negligible. 
Unfortunately Glenn did not specify the threshold vel. -)city used and it can 
be inferred from his work that he did not employ one . This is important 
as variations in the threshold velocity could significantly effect the 
efficiency rating of a specific nozzle (48). 
Further studies by Glenn (46) showed that the nozzle profile was of 
considerable importance in the context of performance criteria. A hyper- 
bolic nozzle could deliver approximately twice the stagnation pressure of an 
exponential nozzle, for the same allowable static pressure. 
The performance of a system based on the use of a fluid piston was 
compared with that employing a solid piston -'Lesigned according to Voitseldiovsky's 
theory. The piston compressibility effects were neglected and it was treated 
as a rigid body. For a hyperbGlic, nozzle the fluid piston was shown to give 
.j 
a greater eff"iciency and jet velocity than a solid piston. An exponential 
nozzle with a solid piston gave a higher velocity but lower efficiency. 
Influence of Air on Unsteady Compressible Jet Nozzle Flow. 
Locher (46) extended the finite difference met-hod developed by Glenn 
to include the presence of air in the nozzle. Fluid and solid pistons were 
considered in conjunction with a hyperbolic nozzle. Initially 
it was found 
impossible to run the original programme for the solid pistoa case. 
0 
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However, by introducing a linear term in the artificial viscosity 
f ormuletion (see section (7.2.1. )), the f ull f low could be modelled, 
but only at the expense of introducing non-physical oscillations. Large 
non-physical oscillations also occurred at the water-air interface due 
to the density mis-match. At higher pressures, encountered later in the 
flow process the air density approached that of the water, the oscillations 
were reduced and the results were considered acceptable. In this 
I 
investigation the solid piston was taken to be a point mass only, the 
effects of piston material, length and profile being ignored. The inclusion 
of air in the computations resulted in a five to seven percent reduction 
in velocity for the hyperbolic nozzle studied. Experimental results, 
however, have indicated that air has a negligible effect on the maximum 
velocity (45). A point of great interest is that the numerical work 
predicted very high air temperatures (6000 0 K) and this could prove a hazard 
in certain applications such as coalmining. 
Discussion 
NozzleD described by exponential and hyperbolic profiles have been 
credited with a superior performance. It is the view of the present 
investigator, however,, that the "best" nozzL- shape for a particular 
operation will not be defined by a simple mathematical function in view 
of the extremely complicated flow process. Modelling the flow process by 
finite diffcrence techniques fortunately allows nczzles of any profile to 
be considered. The act of labelling nozzles with a standard mathematical 
function can be misleading and it is thought that an improved apptoach 
would be to consider the distribution oJE cross-sectional area when 
comparing different shapes (see 7.1.3). 
The simple expressions developed by Ryhming (138), regarding velocity 
and pressure for specific nozzles, provide a useful first approximation 
to the results but a more detailed study must include, in full, the 
In 40 
effects of compressibility. The computations of Glenn and Locher have 
been compared with experimental results regarding maximum jet head 
velocity (45). Very good correlation between the numerical and 
experimental work was shown to exist. This encourages the continued 
use and development of the finite difference method described in further 
work on unsteady compressible nozzle flow. 
1.3. Experimental Studies. 
1.3.1. Early Pulsed Jet Experiments'by Voitsekhovsky. 
Voitsekhovsky carried out experiments in 1961 on the destruction 
of rocks by pulsed water jets (154). The IV-4 type water cannon used in 
these tests was capable of generating jets up to 10OOm/s although 
none of its design features were explained. It was shown, however, that 
the power required to break rock decreased sharply as the jet velocity 
increased. For effective removal it was found necessary to direct at 
least 3-5 shots at each place. The results, with this cannon, suggested 
that a further increase in jet velocity would reduce the power requirements 
to far belc-, - conventional mechanical means. 
1.3.2. Cooley's Study of Rock*Breaking with Impact Cumulation Devices. 
Cooley has been involved in water-cannon design and development for 
over a decade (33,, 35,36,38,39). His earlier work was directed towards 
water cannon design, backed by a simplified analysis of the impact induced 
flow process based on the method of characteristics (see 1.2.2. ). Cooley 
was influenced by the earlier work of Voitsekhovsky and used the latter 
investigator's nozzle-piston arrangement. In the early 1970's a programme 
of impact-cumulation experiments were performed using a modified light 
gas gun. Jet velocities of 1800 m/s were attained with the nozzle 
evacuated and velocities of 1450 m/s with air in the nozzle 
(38). The 
I. object of this work was to optiMise the efficiency of the water-cannon 
9 
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in breaking sandstone, limestone and granite. The results obtained agreed 
with those of Voitsekhovsky , in that the energy required per unit volume 
of rock broken decreased rapidly as the jet pressure increased from 1.43 to 
3.95 times the rock compressive strength. Another point of agreement was 
the low energy requirements in comparison with conventional machines. In 
later tests with higher jet velocities (2020 m/s ) the piston was often 
deflected on entering the impact chamber, which resulted in significant 
variations in performance (39). This was a serious problem as piston 
velocities could not be accurately determined and this cast some doubt over 
the results. 
A new water cannon was developed by Cooley to overcome the problems 
associated with the gas gun apparatus (33). The fundamental design change 
was to increase the piston diameter and this gave larger f low rates f or 
lower piston velocities ) as also occurred with the water cannon of 
Voitsekhovsky . Jet ve-locities of up to 3000 m/s 
in the evacuated 
nozzle were obtained. The experimental results of this single shot machine 
confirmed the trends of earlier investigations. When breaking samples of 
barre granite, the available experimental evidence suggested a minimum 
energy requirement when using a jet velocity of 2,350 m/s at a stand-off 
distance of 4 in. On the basis of this relationship, increasing the jet 
velocity will be of no advantage and this will clearly influence the design 
of water cannons and in particular that of the'nozzle. It should be noted, 
however, th; ýtt Cooley's method of measuring the mean jet head velocity by 
means of two pencil leads and an electric circuit (32) may lead to errors, 
in view of the blast wave that proceeds the water 
jet (see 1.5). 
The performance of Cooley's cannon was assessed 
in field trials both in 
a mine on Dolomiticlimestone and 
in a granite gneis quarry. It was found 
that with an evacuated nozzle up to 0.0093 m3 of 
limestone was removed in 
one shot, although the average value was 0.0019 m3 
/shot. The quantity of 
rock removed varied according to the stand-off 
distance, the number of 
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shots at each location and the distance between each point of impact. 
It was -, lso found that a gain in the quantity of material removed per 
shot could be made by taking advantage of natural flaws in the rock and 
also by directing shots close to free boundaries (see 1.7). 
The majority of the above tests were carried out with an exponential 
nozzle of entrance diameter 2.93 in ., exit diameter 0.329 in. and a nozzle 
design factor K of 12 in. (see 1.2.1). Tests were also carried out with a 
smaller exponential nozzle which had an exit - diameter of 0.238 in. and a 
K value of 8 in. It was found that the smaller nozzle was less effective 
against sandstone and limestone than against graniteý, indicating that nozzles 
should be designed for a particular operation. 
Towards the end of the trials, higher piston velocities weere employed, 
which resulted in the maximum design pressure of the nozzle being exceeded 
(13.8kbar). This in turn resulted in a change in diameter of 7% in the 
region of maximum pressure due to yielding of the nozzle wall. 
I Measurements of the noise generated by the cannon were made both in the 
mine and at the quarry. The noise levc-Is at distances of 100 ft. and over 
were recorded and were found to range from 135 dB to over 140 dB. At noise 
levels of 130 dB pain is experienced, although exposure to impact noise of 
up to 140 dB is permissible. The Health and Saf ety at Work Regulations in 
both Britai- and the U. S. A. state that for an eight hour working day the 
maximum continuous noise level allowable is 90 dB and at levels above 
this a shortening of work period is necessary (18). Therefore further work 
is clearly required on impact-cumulation devices to try to reduce the 
working noise levels to acceptable values. 
A 
Experimental Studies Performed at the CERAC Institute. 
More recently, results of pulsed jet experiments carried out at the 
CFRAC Institute have been compared with the existing theoretical and 
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numerical work of Ryhming and Glenn respectively (45). The approach 
at CERAC differed from that of previý, is investigators in that they 
favoured high velocity, light pistons. A series of experiments using an 
impact -cumul at ion water cannon, capable of producing jet velocities of 
3,500 m/s , were described. Nozzles of exponential and hyperbolic 
profile, of identical length but varying area ratio, were tested. The jet 
head velocity was measured using an Imacon image convertor capable of 
microsecond framing rates. It was found that the -et velocity could be j 
measured to an accuracy of up to 5% for supersonic jets but less than 10% 
for low velocity jets because of the latter's poor jet head definition. 
In addition, jet break-up was observed by taking high resolution photographs 
-9 1 using short, 20 x 10 s flashes. Attempts were made to measure the 
pressure in the nozzle but this proved unsuccessful because the piezo- 
electric transducers used in the test were damaged during the flow process. 0 
Further instrumentation included a device to measure the rapid jet velocity 
decay at the nozzle exit. This system operates on the principle that when 
a magnetic field is applied across the jet axis a voltage is induced which 
is proportional to the velocity. The results, however, were only 
considered fair and it was thought that further development of the 
instrumentation was required. It was found that at subsonic jet velocities 
Ryhming's theory was in reasonable agreement with the experimental work 
although a discrepancy of some 20% occurred at high velocities. The 
numerical predictions were in very good agreement with experimental values, 
particularly for shots in air. For shots into a vacuum, however, the 
velocity was overpredicted by 10% at ' 2000 m/s . Photographic evidence 
suggests the existence of a low density column ahead of the main jet which 
is undetectable by the TMacon; the true head of the jet, possibly consisting 
of minute water particles, may well have been travelling at a speed closer 
to the numerical prediction. Further differences are thought to be due to 
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leakage past the piston and to boundary layer effects in the nozzle. 
The effect of air in the nozzle on the jet velocity was found to be 
negligible although it had a considerable effect on jet break-up outside 
the nozzle (see 1.5). 
When the jet was allowed to impinge on an aluminium. target it was 
found that stand-off distance had a noticeable effect on the resultant 
damage. The depth of penetration, for example, decreased by a factor 
of two when the stand-off distance was increased from 10 to 50 nozzle 
exit diameters. In terms of damage to the target, the effect of vacuum 
in the nozzle was found negligible for distances up to 10 -aozzle diameters. 
The nozzles used in the tests were made of maraging steel and are designed 
for pressured up to l8kbar. After a period'of 1000 shots no problems had 
been encountered with the nozzle, the expected life of which was thought 
to be of the order of 10 
4- 10 5 shots. 
Discussion 
Impact-cumulation devices are the main subject of the present work 
and therefore pressure-extruslon devices 'Liave not been mentioned in this 
experimental review, although'detailed studies of such machines do exist 
(22,117,118,119,120,142). The main advantages of pressure-extrusion 
devices, compared with impact-extrusion or impact-cumulation systems, 
appear to be the reduced pressures that are developed in the nozzle and 
the fact that the jet velocity is maintained at a high level over a 
longer period. This is generally at the expense, however, of smaller 
nozzle exit diameters and relatively low velocities. Impact-extrusion 
devices are considered in section (1.4) because of the similarities with 
impact-cumulation cannons. 
The experimental results to date have shown that the average 
quantity of rock removed per shot depends on several factors; these 
include the jet velocity, number of shots, at each point, stand-off 
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distance, distance between each point of impact, the presence of flaws 
in the rock and the position of free 'Noundaries. The results have also 
indicated thaL- pulsed jet devices could be very competitive with 
conventional mechanical cutters in terms of power requirements. Noise 
has been shown to be a problem, however, and further work is required 
to reduce it to an acceptable level. 
The application of high speed photography to determine the jet head 
velocity has shown the numerical results of Glenn (46,71) to be in 
good accord with the experimental results. This encourages the further 
application of numerical methods in future water cannon de&ign studies. 
The photographic study has also shown that further work is required in 
order to improve the stability of the jet. Attempts to measure the pressure 
in the nozzle have resulted in failure to date. Such measurements, however, 
would be of interest in view- of the large pressures indicated by the numerical 
work. 
The various experimental studies completed, at this time, on the 
performance of specific water-cannons certainly encourages further research 
into this area. 
Industrial Application of Pulsed'Jet Devices. 
1.4.1. Historical Review. 
An automatic impact-cumulation machine suitable for industrial 
i-shot impact-extrusion devices, application has yet to be developed; mult. A 
however, have been produced in the U. S. SO R. for almost two decades (124, 
124). (Pressure-extrusion devices are at present in an advanced state of 
development but are not the subject of this particular study (22,118). ) 
The historical development of various Russian water-cannons from 1959 to 
1976 has been described by Chermensky (24,25). These reports included the 
field trials of the IV-5 water cannon at the Polysayevskaya-Severnaya 
hydraulic mine in 1963, the MP1-2 water cannon used both in the 
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Krasnogorskaya hydraulic mine in 1965 and to drive a heading in sandstone 
in 1966; and the VBS water-cannon at the Yubileynaya bydraulic mine in 
1971. Extensive field and laboratory tests have been completed including 
stue. ies of jet velocity, piston velocity, barrel pressure, impact pressure 
and jet break-up. In addition, the operational reliability of these 
machines and their rock and coal breaking capabilities have been 
investigated. The use of a heavy piston in the water-cannon was 
considered to result in the best performance but this claim wab not 
supported by any experimental or theoretical evidence. Information was 
provided, however, on the f ield trials of the MPI-2 cannon when mining 
coal and sandstone. 
I 
When cutting coal, the removal efficiency, defined as the weight of 
material removed per shot, was found to vary with the type of nozzle used. 
Long conoidal nozzles were found to give poor results and the best performance 
was obtained with short 'catenoidal' nozzles of lengt'Li not exceeding 
thirteen nozzle exit diameters. Removal efficiencies of 46-56 kg. /shot 
were obtained with such nozzles at stand-off distances between 1-28m. 
from the face. The optimum stand-off distance varied with the type of 
coal being mined. Long conical nozzles of length 22-23 nozzle exit diameters 
gave a similar removal efficiency up to a stand-off distance of 2m., 
this then dropped to 30kg. /shot at 2.8m. 7he catenoidal nozzles initially 
had an exit diameter of 11 mm. and entrance diameter 70 mm., resulting 
in 
an area ratio of 41. The cannon was also tested using a nozzle of 
identical shape but having an exit diameter of 13 mm., which resulted 
in 
a decrease in the removal efficiency. No explanation for the loss 
in 
performance was put forward, but it is possible that the 
jet velocity was 
insufficient for satisfactory breaking (see 1.7). 
During the coal-mining field trials a radial gap of 0.4 mm. existed 
between the piston and barrel and this was considered responsible 
for 
large energy losses during the impact phase, as water escaped past 
the 
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piston. To overcome this problem the cannon barrel was modified to give 
a radial gap of O. lmm. The redesig: --ýd MP1-2 water cannon was then used 
to drive a heading in sandstone. Unlike the results of the earlier 
tes--s on coal, it was found that the removal efficiency was not unduly 
sensitive to the type of nozzle used, although the best results were 
obtained with long conoidal nozzles of profile given by: - 
R=R (I x1{ _1 )-1 1.12 1L 
0 
where Rl, is the radius of the entrance diameter (35mm. ); Ro, the radius 
of the exit diameter (5.62mm. ); L, the nozzle length (145mm. ); X, the 
x-axis co-ordinate and R, the value of the radius at any point x. This 
gives a nozzle of area ratio 39. 
This relationship is of similar form to that describing the hyperbolic 
nozzle developed at CERAC (45). When cutting sandstone, conoidal nozzles 
described by the above function were used effectively at stand-off distances 
ranging from 0.8 to 2.5m. When the nozzle exit diameter was increased from 
Ilmm. to 13 mm. no change in removal efficiency was observed, contrary to 
the tests on coal, even though the barrel, pressure was about 1.4 times 
lower. The reasons given for this were that with the larger exit diameter 
the velocity distribution along the jet is more nearly uniform, the jet is 
more compact, and the impact force acts on the face for a longer time and 
over a larger area. The differences expetienced between the tests on coal 
and sandstone may be partly due to the improved performance achieved by 
reducing the piston-barrel clearance. It was claimed by Chermensky, 
that to attain the optimum removal efficiency when cutting coal or sandstone, 
the barrel pressure must be approximately equal to 10 timesthe rock compressive 
strength, although effective mining could take place below this level. In 
addition, the removal efficiency depended on the distance between the jet 
impact point and a free boundary and also on the number of shots directed 
at each point, which for maximLul. removal varied according to both the type 
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of rock and operation. To prevent lowering of the roof at the mine face, 
it was found necessary to direct the shots at an angle of 300 to 190 from 
the horizontal. The maximum removal efficiency is obtained with the axis 
of the cannon horizontal. If the nozzle is inclined up or down, water 
will either run into the barrel and slow down the accelerating piston 
or conversely dribble out of the nozzle leaving the impact chamber only 
partly full of water. 
According to Chermensky, the field trials of the MP1-2 and more 
recently of the VBS water-cannon have shown that the piston energy must 
be at least 100 KJ and the water chamber -volume not less than 0.0015M 
3 
for effective rock remrval. These claims, however, were not substantiated 
by any detailed explanation. 
It was also found that when operating at high barrel pressures, 
plastic flow could occur within the nozzle which could result in a 
decrease in the exit diameter. (The importance of nozzle shape in the 
maximum pressure developed in the nozzle will be discussed in detail in 
(7.1.3. )ý- 
Earlier water-cannons were found to be unreliable but modern machines, 
such as the VBS operating at 60 shots per minute, have been significantly 
improved. Careful selection of materials and the re-design of weak 
components have increased the life expectancy of such devices to 10 
6 
shots 
or more. The VBS cannon can remove 3-4 tons/min. of hard non-fractured 
-, r. powl coal and 8 tons/min. of hard, fractured coal, taking 160-20OKW. oý 
The present design of the VBS cannon is recommended by Chermensky for 
industrial use and he predicts that with a modest increase in the water 
chamber volume and in the number of shots per minute, a removal efficiency 
of the order 9-12 tons/min. of hard coal could be achieved for a power 
requirement of approximately 550KW. 
The field trials illustrated that water cannons can effectively cut 
rocks such as coal and sandsteae but they are not suited 
for mining plastic 
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rocks or clay filled laminates. Impact-extrusion devices such as the VBS 
water cannon, were found to be very competitive when compared with convent- 
ional mechanical cutters in terms of removal efficiency, machine size, 
time of continuous operation and versatility. An added advantage is that 
the life of a water cannon is independent of the abrasive qualities of 
the rock, unlike mechanical cutters, and, in addition, pulsed water jets 
can be used to cut rock too hard for present-day boring machines. 
Petrakov and. "Krivorotko(124) have recently described the experimental 
investigations and f ield trials of the U. B. D. and K. U. B. water-cannons. 
Experimental results on the Dosition of the maximum impact force with respect 
to distance from the nozzle, were given for the U. B. D. cannon, which can 
operate at 10-12 shots per minute generating jet velocities up to 
1,250 m/s .. Previous experimental data given by Chermensky (24) on the 
position of the maximum impact force was not verified by Petrakov and 
Krivorotkq, probably because of differences in designof the water filling 
system and nozzle. The type of nozzle used in the U. B. D. cannon was not 
described although the exit diameter of 10-11 mm. was of the same magnitude 
as that ustid on the MPI-2 cannon. A superior performance was claimed for 
the U. B. D. cannon over the previous machines, since the rock cutting 
performance was independent of the inclination of the barrel. This improve- 
ment appeared to be due to the nozzle locking arrangement and the additional 
floating piston which contained the water in the impact chamber and nozzle, 
i 
allowing the cannon to operate at its design condition. 
The field trials of the K. U. B. cannon were also described and these 
involved the mining of aluvolite, sandstone and coal. When cutting sandstone 
the optimum removal efficiency was obtained by firing at an angle of 
10 0 
from the perpendicular at a stand-off distance of 1.7 m. and 
firing three 
shots at each point, while using a nozzle of exit diameter 
10mm. Unfortunately 
the value of maximum jet velocity was not given. The average rock cutting 
e. "ficiencies for breaking coal and sandstone were on a similar 
level to those 
achieved by the MPI-2. It was also noted 
that rock could be effectively 
22. 
broken even under 2.5m. of water. 
Th,: reliability of the Ku. R. cannon was low compared to the 
V. B. S. cannon, nevertheless the approximate barrel life is at present 
9,000 shots and that of the floating piston 1,700 shots. Further work 
is being carried out to improve on these figures. The conclusions drawn 
by Petrakov andKrivorotko regarding the performance of water-cannons are 
similar to those of Chermensky. In addition, it was noted that mining could 
take place with practically no dust production and this was considered to be 
a major advantage of the pulsed jet system. 
SUallMary. 
The development of water-cannons such as the V. B. S. operating on the 
impact-extrusion principle have demonstrated that competitive and reliable 
automatic pulsed jet machines are possible. The major advantages of such 
devices are that rock of any hardness can be mined, the nozzle wear is 
independent of the abrasive quality of the rock and that mining can take 
place in a dust-free atmosphere. It woUld also be hoped that high velocity 
water jets used for mining coal will remove the danger of explosion caused by 
the frictional ignition of methane. Further work is required in order to 
increase the reliability and performance of water-cannons and in particular 
to extend th- life of the barrel and piston seals. The influence of 
important design features on the performance of water-cannons such as water 
volume, nozzie shape and piston type, will require further study. 
1.5. The Fluid Mechanics of Pulsed Jets. 
1.5.1. Theoretical Investigation. 
Field and Lesser (56) used both experimental and theoretical methods to 
investigate the mechanics of the emergence and motion of a supersonic liquid 
pulsed jet. Similarity arguments were put forward to show that when the jet 
emerges from the nozzle with a pressure above atmospheric, although expansion 
23. 
effects initially dominate the flow, at a later stage air drag forces 
became ? rominent. This led to an order of magnitude relationship for the 
ratio of the distance travelled by the jet head before drag forces 
distort the liquid shape (L D) to the distance travelled by the jet head 
before decompression affects the flow (L ), given by: C, 
I 
LD /LC = (R/R 
a 
)2 /M 
1.13 
where R is the density of water, R the density of air and M the ýI-ach a 
number of the jet. 
Using equation 1.13 a jet travellingat 22000 m/s would give an 
LD/LC value of 30 and therefore instability due to air drag would be 
expected at about 30 exit diameters from the nozzle. 
In addition, a theoretical approach involving the use of qave 
diagrams indicated regions of cavitation in the vicinity Of the jet head 
caused by the violent expansion that occurs when the jet emerges from 
the nozzle. (see fig. (1.2)). The calculations implied that the jet would 
break up into drops of size of the order of the exit diameter within 
approximately one exit diameter of the aozzle exit plane (see f ig. (1.3)). 
An existing theory (77) regarding the distortion of a stationary 
droplet by a flow of air was developed to predict the distances travelled 
by th(-- jet head before the onset of Rayleigh-Taylor instability and the 
break-up of the jet respectively, i. e. 
211 -i i Kr4 U4 R2R4 U2 
a 
1.14 
K= 26 for the start of instability and 77 for significant jet 
break-up. 
'O&ere L is the distance travelled, r the jet radius, a the surface tension, 
and U the jet velocity. This relationship appeared to be verified by the 
available photographic evidence. 
Further studies involved mapping the approximate positions and 
velocities of the water droplets that shroud the main jet using Stokes 
24, 
P 
0) 
41 "0 
"0 
q) 1. -14 
Co u 
r3 CO 
0 Z 
W rTi 
0 
0 0) 
cu r--4 4--, 0 
14-4 > 
0 
4-) 
W 
rn (V r4 >t "C 41 
> * r4 -w 
41 
0* 
dý% 
cq 
1-4 fr4 
V) P4 
25. 
D 
b; i 
Ic 
s 
Schematic representation of early time behaviour of supersonic jet. S, air shock; 
C-P, compression waves; C, cavity regions; D, dropletv shroud. 
.. $. 0,.... 
I- * 
Schematic representation of jet and droplet cloud at 10-20 nozzle 
diameters 
Feature 13 is caused by air drag on droplet distribution. 0 
Fig. (1.3): Schematic Representation of a Supersonic Jet 
Emerging from the NozzLe. (From ref. (56)). 
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drag formula: 
2 Up =U exp (-4.5) t) Ra 
X= (0.222 a2RU P) (1-exp(1.45, pt/R. a2» 1.16 
where Up is the particle velocity, X the position, p the air viscosity, 
a the drop diameter, t the time. Use of the above equations in conjunction 
with velocities and distances to break up measured from jet photographs 
indicated that droplets of between 20 and lOpm. diameter would be produced. 
1.5.2. Experimental Investigations. 
The experimental work was carried out at the CERAC Institute using 
an impact-cumulation wCLter-cannon capable of producing jet velocities in 
the range 1000-4000 m/s, . An 
Imacon image convertor capable of a micro- 
second framing rate revealed many interesting aspects of the flow. The 
jet-head velocity obtained from the high speed film showed a rapid decay 
in velocity in the vicinity of the nozzle exit, associated with the 
cavitational phenomenon theoretically predicted*. This was followed by a 
gradual zeduction in velocity associated with air drag and then a further 
abrupt drop, thought to be caused by Rayleigh-Taylor instability (see 
This was in good accord with their theoretical predictions. 
The jet was seen to be covered by a spray of fine droplets, 
believed to be principally generated in the cavitational phase. It waq 
found, however, that the spray was not responsible for any damage to the 
target. In addition, the presence of a shock wave preceding the 
jet ý, as 
detected using schl ieren photography (see fig. 
(1.5)) . 
The coherence of continuous jets can be improved by the addition 
of small quantities of long-chain polymers 
(64.65). In view of this 
Field and Lesser studied the effect of adding a 0.5% solution o. 
"L polyox 
and carboxymethy1cellulose, on the 
behaviour of supersonic pulsed jets. 
An improvement in coherence was 
detectable only when the initial jet velocity 
had decayed to a few hundreds of metres per second. Other tests were 
27. 
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carried out which involved varying, in turn, the surface C) tension and 
viscosity, but both treatments had little effect on the jet appearance. 
Experime-ats. were also conducted with the jet emerging into a 
vacuum chamber allowing the jet core to be clearly observed by eliminating 
the canopy of spray produced by air drag. The fact that a subsonic jet is 
not subject to the violent expension experienced by a supersonic jet was 
verified by photography which showed the subsonic jet with a cross-sectional 
size approximately equal to that of the nozzle exit travelling as a coherent 
cylinder. A slight tapering of cross-section in the downstream direction 
was also observed for the subsonic jet which provides evidence in support 
of the decay in exit velocity as predicted by Glenn and Ryhming (71,138). 
The front of a supersonic jet emerging into ýa vacuum was not so well 
defined as that of the subsonic jet and this was thought to be caused by 
spalling of the leading edge because of the almost zero pressure conditions 
prevailing. Evidence of the predicted cavitational plienomena was given by a 
rapid build up of a droplet cloud and a dramatic fall in velocity within a 
few nozzle exit diameters of jet motiion. 
Discussion 
The work of Field and Lesser has undoubtedly led to an improved 
understanding of the motion of a pulsed jet. Further work is required to 
minimise. the loss of performance due to over expansion and 4-17 possible extend 
the useful stand-off distance before Ta-y1cr instability influences the flow. 
With today's knowledge of pulsed-jet technology it is possible to accept 
the high losses discussed previously by generating extremely high initial 
velocities. However, this leads to considerable problems in the practical 
design of such machines particularly in view of the large nozzle pressures 
generated. An alternative approach is to use a larger diameter almost sonic 
jet which has a slow velocity decay (see sections 1.6 and 
7.1.3. ); this 
eystem will avoid the significant cavitational 
losses and also reduce the 
29. 
high pressure Jatigue design problems. 
The Pressure Produced by Water Jet 'Impact. 
It is well known (9,51,54ý 136) that on impact, a jet will 
generate pressures of a value determined by the 'water-hammer'equation: 
P= PC 
0V 1.17 
where P is the pressure, p the density, C0 the liquid acoustic velocity 
and V the impact velocity. For higher velocities it is more accurate 
to use the value of the shock velocity (C) , rather than the acoustic 
velocity. This can be obtained from known data or by a simple, but 
sufficiently accurate e, -. pression, developad by Heymann (80): 
C0(I 
For water K= 
1.18 
The duration of high pressures generated on impact depends on the time 
taken for the pre s sure-rel ease wave to reach the jet centre (54). For 
the case of a flat-headed cylindrical jet, this will be given by: 
r 
-I 
0 
where t is the time and r the radius of the cylinder. 
of spherical drops, Bowden and Brunton (9) showed that 
pressures were generated over an area given by: 
X rV 
c 
1.20 
where X is the radius of the circular area subject to the impact pressure 
and r the radius of the drop. The duration of this pressure is given by: 
t2 rV 1.21 3C2 
After the initial impact period, given by equations 1.19 or 1.21 depending 
on the type of jet, the pressure on the target will 
be reduced to the jet 
stagnation pressure: 
]p =jV s 
1.22 
Experimental work by Field (54) and Brunton (136), has suggested the 
1.19 
During the impact 
Twater-hammer' 
existence of high edge-pressures 
in the range 2-3 x pCV, in an annular 
3o. 
region surrounding the impact area. Heymann (81) theoretically 
predicted pressures of 3pCV for this region. 
The development of a two or three-dimensional numerical computer 
programme to model the impact of a high velocity water j et would be 
extremely valuable in view of the great difficulties experienced in 
obtaining an exact mathematical solution (82,110). One of the 
limitations of present numerical methods, however, is in the use of 
artificial viscosity techniques which smear shock fronts and reduce the 
details of the critical impact phase. 
Several numerical methods have now been used to model the impact of 
a two-dimensional jet (70,87ý 1069 127). The earliest work appears to be 
that of Huang (87) but his results differed significantly from the known 
one- imensional theory with regard to the posit-ýon of the pressure wave 
fronts and also in that he predicted unusually low impact pressures. His 
method 'rAras heavily criticised because of the controversial results, the 
type of formulation used and his choice of boundary conditions (67,82, 
109,127). 
Glenn ', 
-70) used a numerical method 
to model the impact of a water jet 
on a rigid target. Radial velocities of up to twice the impact velocity 
were predicted, which is in agreement with previous experimental work (136). 
Further numerical work by Lawrence (106) included the effect of a deformable 
target and it was found that the radial jet velocity was reduced to about 
half the oriyinal jet velocity. Similar work involving the inclusion of a 
deformable target has been carried out by Frichett and Riney (127). All 
the above investigators, with the exception of Huang, predicted values of 
pressures which agree with the one-di'mensional theory. 
It would appear from the existing theoretical and numerical work 
that, on impact, pressures are generated of 
"wat er -hammer" magnitude 
and these are held responsible for the extensive 
damage which occurs to 
the target. Clearly the pressures generated will 
be related to the Jet 
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velocity, and their duration will depend on the jet diameter. The 
impact pressures will be maintained f nr only a few microseconds and 
after this pbase the pressure on the target will reduce to the jet 
stagnation value which still may be of sufficient magnitude to cause 
further significant damage (see fig. Cl. 6)). 
The Fracture of Materials by Water Jet ImpaCt. 
The impact of a high-speed water jet on a material (-Xnd the damage it 
causes involves a series of complicated mechanisms which include wave 
I propagation, compression, tensile and shear fracture, erosion, cratering 
and large-scale cracking (42). Several investigators to date have been 
interested in a number of aspects of this problem in relation to both 
continuous and pulsed jets (43,54,136). 
Daniel (43) used explosively-driven pulsed jets and photo-elastic 
techniques to reveal several interesting features of -. he impact phenomenon. 
It was shown that a threshold velocity existed, below which no stress waves 
were induced in the target, the impact energy being absorbed in the local 
fracture. In addition, pressure waves oiiginating in the impact area were 
found to be responsible for a major part of the total damage, when they 
reflected from free boundaries of the target. From the experimental 
evidence, Daniel described the series of events involved in the impact 
process to be: - 
le the high pressure produced by the jet on impact results in almost 
immediate penetration and fracture; 
2. then follows a phase of quasi-steady pressurisation of the crater which 
causes cracks to form and propagate. 
According to Daniel the damage produced by the water jet 
is greater 0 
than that which would be produced by explosive 
loading or by impact of a 
solid of equal mass and velocity. 
The reasons given for this are: -- 
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(a) pressures of "water-hammer" magnitude are developed on impact; 
(b) the jet energy is focussedon a small area; 
(c) the water removes debris which would otherwise obstruct the target; 
(d) the water has a hydraulic wcdging action which will open and 
propagate cracks. 
Further jet impact experiments by Daniel (42), on rocks which 
included limestone, marble and granite, indicated the existence of a 
threshold velocity below which no significant damage occurred. The values 
of threshold velocity ranged from 1120m/s (limestone) to 1500 m/s 
(granite), although it was indicated that these figures could change with 
different nozzles. 
Impact studies by Brunton (9,10,136) have also shown many interesting 
features of material fracture by water jets. For example, he found the 
maximum damage in the contact area to occur with oblique impact of the jet 
with the target, while the presence of a thin film of water on the target 
reduced the damage. Brunton found that in brittle solids the damage to the 
target in. the impact area itself is less than the damage which occurs 
through the reflection of pressure waves at free boundaries of the target. 
This finding was also in agreement with aspects of Daniel's work. With 
ductile solids, however, different characteristics were manifest and it 
was discovered that when the jet velocity was increased, the impact crz c.! r 
widened rather than deepened. 
Field (54) has shown, experimentally, that the target strength can be 
considerably reduced before any visible damage is noticeable. His detailed 
study also included the measurement of the jet impact pressure, using a 
specially constructed transducer of only 0.3mm. diameter. It was of 
interest 
to note that the value of impact pressure was found to 
be in the range of 
0.7 - 0.8 pCV. The reason for the 
discrepancy between this result and the 
one-dimensional theory was not explained although 
it was hoped that further 
34. 
studies would clarify this point. High edge-pressures were also 
observed on impact, as previously described in section 1.4.2. confir-ming 
the earlier findings of Brunton (136). 
Further studies by Field and. Lesser (56) have shown that the shroud 
of fine droplets around the jet core do not contribute to the damage of 
the target (see section 1.5). Experimental work by Voitsekhovsky and 
Cooley (see section 1.3) has shown that less energy is required per unit 
of rock removed as the jet velocity increases. There is some evidence, 
however,, that an optimum jet velocity occurs, giving the maximum efficiency 
when breaking specific rocks (24,33). A further point of interest is that 
if the target consists uf a matrix of hari pebbles embedded in sof ter 
material it is clearly an advantpge to use a jet diameter larger than that 
of the pel-bles(22). 
The water j et impact experiments carried out to date serve as an 
important guide to the mechanisms involved in the fracture of materials and 
this will prove useful in future water-cannon design studies. 
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2. Analysis of the Piston Motion. 
2.1-1. The Influence of Ba8ic'Des_ign Parameters on the Piston Velocity. 
If a constant pressure, P, is applied to the rear of a piston of f2ce 
area A moving from rest into an evacuated cylinder, the velocity attained 
at a distance x from the starting point is given by: 
M 
U= 
FLPýA: x: 2.1. 
For a given cross-sectional area this implies that velocity is maximised 
by providing a large barrel length and a light piston. 
When a light piston accelerates along a barrel under the influence of 
the driver gas pressure, rarAaction waves are emitted from the rear of 
the piston. These 
_waves 
eventually undergo reflection from the end of the 
driver chamber and may overtake and reflect from the piston at a later 
stage (see fig. 2.1). This process is essentially one of an unsteady 
expansion and therefore the cons tant-pres sure approach, leading to 
equation 2.1, is not ar? licable. It may be shown that for a simple 
unsteady expansion the pressure behind the piston is related to its velocity 
by the expression: 
PU- 
2y 
1 Y-1 Tý 2 
0 (Y-1 ). a 0 
where P is the pressure behind the piston, 
piston velocity, a0 the initial sound speed and y 
2.2 
P0 the initial pressure, U the 
heat s. 
the ratio of specific 
A. L - Once --R- in equation (2.1) has been maximised, improvements 
in a practical 
system can be made by ensuring the driver pressure remains as high as possible. 
The characteristic equation gives: 
dp =- ap du 2.3 
where p is the density of the gas. The pressure behind the piston will always 
drop because ap is finite. The acoustic impedance, ap is related to the 
pressure and the initial acoustic velocity 
by the expression: 
PP Y+l 
ap=y (--: 2) (-, -) 2y aP2.4 00 
Equation 2.4 shows that the higher the 
initial acoustic velocity the lower 
316 . 
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Fig-(2.1): Behaviour of Gas in Front and Behind an 
Accelerating Piston. 
A: Head of Expansion 
B: Reflected Head 
C: Tail of Expansion 
D: Piston Path 
E: Primary Shock 
F: Reflected Shock 
G: Shock Produced on Impact 
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the pressure drop for a given piston velocity. In view of the relation- 
ships described by equations 2.3 and 2.4 it is common practice, ir. 
free-piston shock tube work (44,140,1451., to use a light gas such as 
helium or hydrogen at a high termerature. 
2.1.2. Unsteady Expansion of'Driver Gas. 
An inviscid adiabatic approach ignoring piston friction and gas 
leakage past the piston i's used in the following analysis. The barrel 
ahead of the piston is considered to be. evacuated and the ratio of the 
specific heats (y) is taken to be 1.4 assuming nitrogen or compressed air 
is used as the driver gas. Combining equations 2.1 and 2.2 gives: 
2y 
dX 
U Y-1 2.5. du AP1 Y-1 U 
2a 
L oj du du 
Re-arranging equation 2.5 and using the relationship-j t uý-x gives: 
dt m111 
2y 
du =AP1- (Y-1) U Y-1 
2.6. 
L2a1 
where t is the time. Integrating equation 2.6 with respect to U giveF the 
time-velocity relationship: 
5MaI. -11, 
t=U, 2.7 6AP1 -1 0.2 
a0 
Integrating equationt, 2.5)with respect to U gives the velocity-distance 
relationship: 2 
5M0uu 
x {5(l - ja 6 +1 2.8. P1 5a 
Re-arranging equation 2.7 to make U the subject of the formula and then 
substituting in equation 2.8 results in the x-t relationship: 
a2 5 5om 
x5 (-ý- + 1) -6 (-L +1)B+12.9 KK 
5Ma0 
wh ere K= 6- Kp 
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Steady Expansion of Driver Gas. 
If the driver chamber is sufficiently short or the piston suificiently 
heaxry then multiple wave reflections will occur between the driver-chamber 
end plate and the rear of the pi. bton as it accelerates along the barrel. 
This process, therefore, may be treated as a steady isentropic expansion 
F 
given by: 
PV =P (A + V) I 
whc--ý: e V is the volume of the gas driver chamber and Px is the pressure 
behind the piston when it has travelled a distance x. 
2.1o. 
Combining equations 
2.1. and 2.10 gives: 
2.. PAVY fU du =m 
21 dx (AX+V) I 2.11. 
Integrating equatlon 2.2. with respect to x results in the velocity- 
distance relationship: 
II 
5 Pv 22 fI 
X) m cl + X). 
4 1 2.12. 
Re-writing equation 2.11. usingd2x = du = Udu gives: 
d2t dt dx 
dxAy2.13. 
d 2t m 
This equation eventually gives 
2 
tV 
Y+'ý! 
(1 + f TK i 
+ Ax 
4 
5 
ll 
V- 
where KA Pvy H 
the following time-distance relationship: 
414 
x)012r. 12M 
AX ), _11 v 
2.14 
Comparison of Different Types of Expansion. 
Fig. (2.2) shows the influence of the type of expansion on piston 
velocity with respect to distance. A noticeable feature of all the 
velocity-distance relationships is the marked acceleration in the initial 
stages which suggests that short barrels may be permissible 
if a compact 
machine is desired. 
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In the steady-expansion calculations the driver volume was taken 
to be the same as that of the laborat. )ry water-cannon used in the 
3 
present study, namely 0.01308m An interesting feature of the results 
is that the steady-expansion curve for the latter value of driver volume 
is in good agreement with the unsteady curve, particularly for barrel 
lengths less than one metre. 
Fig. (2.3) shows the t-x diagram for a 0.1m. steel aluminium and 
nylon pistons. The time-distance relationship, for a disturbaiice 
propagated at the undisturbed sound speed, is included in the diagram to 
help indicate the possible types of expansion. Generally speaking, the 
heavier the piston and the shorter the driver chamber, the greater the 
I 
nuuýber of wave reflections and tha nearer the flow process approaches 
the ideal steady expansion. The type of expansion behind the piston can be 
determined by the use of the t-x relationship, equation 2.9, in conjunction 
with the transmission time of rarefaction waves for 'CLie given system. Then, 
either the steady or unsteady expressions may be used accordingly. If only 
a few wave reflections occur, however, then the process cannot be acrurately 
described by either of the two ideal theories, in which case the method of 
characteristics can be employed for an accurate solution(137). This solution 
technique can also be used if the d.: iver chamber cross-sectional area is 
different from that of the barrel or if taire is a significant initial gas 
pressure ahead of the piston. 
2.2. Analysis of Piston-Water Impact. 
Introduction. 
Under the influence of the driver gas the piston rapidly accelerates 
along the barrel until it strikes the stationary water packet. On impact 
pressures in the kilobar range are generated, at the piston-water inter- 
face, for quite modest piston velocities and large amplitude pressure waves 
41. 
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Fig. (2.4): Propagation of a Stress Wave. 
are transmitted in both media. These waves reflect from free boundaries 
and eventually interact with each other to form complex pressure-velocity 
fields. The speed of the piston must be limited to avoid plastic deformation 
on impact. Assuming this principle is adhered to only elastic stress waves 
are propagated. The present study is restricted to plane-faded solid 
pistons directly striking a plane-faced water packet. 
2.2.2. One-Dimensional Elastic Stress Wave Theory. 
The one-dimensional theory neglects the radial motion which accompanies 
longitudinal wave motion. It is formulated on the assumption that the ratio 
of the bar diameter to the transmitted wavelength is small (1,104) (see 
section(2-2-5)). 
If a modest force is applied rapidly to the end of a bar an elastic wave is 
propagated as depicted in Fig. (2-4). It can be shown that the force associated 
with this disturbance on an element 6x will result in an acceleration given by: 
) cr 
äe 
FX 
t 
2.15 
where a is the stress, e the displaceme. ot, p the density, t the time 
and x the axial co-ordinate. If the strain in an element 6x is represented 
by 
ý e' then the modulus of elasticity (E) can be expressed as: 
3X 
E cr/, ýe 2.16 
ýX 
Differentiating equation 2.16 and substituting into equation 2.15 gives: 
2e2 ýe 2 
2.17 
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Fig. (2.5)ý: Time-Distance Diagram 
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Fig. (2.6): Pressure-Velo6ity Diagram 
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Equation 2.17 is a one-dimensional wave equation where C represents 
the elastic wave propagation velocity. 
2.2.3. The Impact Model 
On impact the stress (a p) generated 
in the piston is given by: 
CF. pc (V -V pPIp0 2.19. 
where pp is the density, Cp the longitudinal stress wave velocity, V0 
the particle velocity before impact, Vi the particle velocity after impact. 
Similarly the pressure (P) in the water is calculated from the known one- 
dimensional theory (sec 1.6), namely 
pCV. 2.20 
For mechanical equilibrium the pressure and velocity at the interface are 
common to both media and therefore from (2.19) and (2.20) the common 
vel6city is given as: 
VV12.21. 
IýCw +1 
P. C pP 
A more accurate relationship between the particle velocity and pressure 
in the water is that given by Heymann(80) (see section 1.6). 
2v. 
p= PC wVI 
(I +C2.22. 
w 
Equating 2.19 and 2.22 then gives: 
V. f-(p c +p C)+ 
fp 
C -P Cp) 
2+ 8pwppCPVO 1/4 p 2.23 
1wwppj ww pw 
At impact the pressure at the interface will on the basis of the one-dimensional 
theory rise to a value given by equation 2.22. The propagation of the 
individual waves can be observed on a time-distance diagram as depicted in 
f ig. (2.5). 
Pressure-velocity diagrams (see fig (2.6)) used in conjunction with 
t-x diagrams facilitate the study of the impact process. It can be seen from 
46. 
the two diagrams that the passage of each wave leaves a region with a 
given . -r-locity and pressure. It 
is possible using equation 2.23 to 
obtain the impact velocity for a specific piston velocity. This velocity 
will be maintained until a reflected wave from within the pis, ý)n or the 
water reaches the interface and then a new velocity needs to be calculated. 
It can be seen from fig. (2.6) that the piston velocity in region (3) may 
be calculated by taking advantage of the symmetry of the pressure-velocity 
relationship, namely: 
v3=vi- cvo-vl) 2.24. 
V is then obtained using equation 2.23 by substituting V for V This 430 
procedure is then repeated as necessary. The first T-Tater rarefaction wave 
interacts with waves that generated regions B, C and D to produce cavitated,, 
or possibly negative pressure, regions F and G. When the first water 
rarefaction wave reaches the piston interface, the water moves away from 
the piston which remains in motion at a mean velocity V6, but vibrating 
under the action of pressure waves. 
2.2.4. The Influence of Piston-Material on the Impact Process. 
The maximum velocity a piston can attain for a given driver pressure 
and barrel length is clearly related to its length and density (see 
section (2.1'). In addition, it can be seen from equation 2.23 that the 
velocity imparted to the water on impact depends on the acoustic 
impedance 
of the piston. 
The relationship between water impact velocity and piston acoustic 
velocity for various values of density as depicted in fig. 
(2.7). It is clear 
that a low density and high acoustic impedance are associated with a 
large 
impact velocity. 
The above information, however, can be misleading when considering the 
complete impact-cumulation process. A 
high wave velocity, for example, will 
tend to result in multiple reflections 
in the piston with an associated 
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reduction in the interface velocity, which will in turn affect the nozzle 
flow process adversely. The exact nacure of the influence of piston 
material and length on the water-cannon performance may be determined only 
by 
. Lnalysing the complete flow process in the barrel and nozzle. (see 
section 7.2). Nevertheless the impact model is very useful when 
assessing the influence of a specific piston material on the interface 
velocity. 
If the acoustic impedance of the piston is smaller than that of the 
water, the piston will rebound shortly after impact and the velocity of the 
rear of the water packet will drop to zero as depicted in fig. (2.8). 
If the acoustic impedance is greater than that of water, multiple 
I 
wave reflections will occur within the pistons before the arrival of the 
first water rarefaction wave at the interface. The arrival at the interface 
of each wave, in the piston, is associated with a reduction in velocity as 
shown in fig (2.5). 
An interesting case arises when the acoustic impedance of the piston 
is slightly greater than that of water. As the piston velocity is increased 
a point will be reached when the interface velocity equals zero on the 
arrival of the first reflected wave in the piston. This condition arises 
in the case of a nylon piston and is illustrated in fig. (2.9). In the 
special case of the first reflected waves in both media arriving simultan- 
eously, the piston becomes stationary and the water moves away from the 
piston at twice the impact velocity. This case is depicted in fig. (2-10). 
2.2.5. The Validity of the One-Dimensional Stress Wave Theory. 
The one-dimensional stress wave theory is valid if the pulse length 
of the transmitted stress wave is long compared to the piston diameter. 
According to Johnson (93), the pulse length should be at least six piston 
diameters. If this condition is not satisfied then the radial motion 
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which accompanies the passage of a longitudinal wave cannot be 
neglecý, -, d and the end reflections cannot be treated simply (93,161). 
Unfortunately exact solutions of such problems only exist for bars of 
infinite length; Rayleigh, however, developed an approximate e-Kpression 
for finite length bars given by: 
Cp 
V2 J1 (r22.25. Cx 
.011 
In the range: 0<E,, <0.7 
x 
where Cp is the wave velocity associated with a given waveleng-Lh; 
C the one-dimensional wave velocity; v Poisson Ratio-, r the piston 0 
radius and X the wavelength. Considering the above relationship, if a 
pulse is composed of a collection of wavelengths then it will be dispersed. 
If the wavelength is large then equation (2.25) i educes to the one-dimensional 
wave velocity given by equation (2.18). 
For the realistic 9nalysis of most engineering problems simplified 
solutions are used. 
A comparison between the elementary theory and experimental theory 
regarding the co-axial impact between two bars is shown in fig. (2.11). 
It can be seen that good correlatlon exists between the two curves,, even 
though the experimental measurements were ma4e close to an end region, where 
conditions are expected to be less uniform. 
If a more rigorous analysis is required, however, it may be necessary 
to modify the one-dimensional theory using experimentally determined 
coefficients C96,104). An alternative method of analysis is to consider 
the short piston to be a point mass, and this appears to be particularly 
justifiable for pistons having a large acoustic impedance (94). 
The pistons that were employed in the present experimental study were 
short in relation to their diameter. The degree of accuracy 
in applying the 
one-dimensional impact-model to such cases 
is not known at present and it is 
hoped that future work will clarify the point. Preliminary experiments, 
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however, indicated that the effective wave speed of the piston was in 
good agreement with that calculated , -. rom the one-dimensional theory. 
In addition, it was found that treating steel and aluminium pistons as a 
riZid body resulted. in only a small discrepancy in the value of maximum 
jet velocity when compared to the wave-theory solution (see 7.2.4. ). 
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3. Mechanical Properties of Water. 
3.1.1. Equation of State for Water. 
The present equations of state for water consist of mathematical 
functions, that have been fitted to known experimental data. The 
simplest equation of state is that proposed by Tait (149) and is given 
by: 
P+B 
=(p p0+Bp0 3.1. 
where P0 is the initial pressure, P the pressure of compressed water, 
PO the initial density and p the density at pressure P, n is an 
approximate constant for a given temperature range and B is a function 
of temperature only. 
The Tait equation has been ; hown to be in good accord with experiment- 
ally determined pressure-volume-temperature data (111). 
F0 is often considered to be zero, in which case equation 3.1 
becomes: 
P+B= (2.. 
 
B 'p' 
0 
3.2. 
Cooley (27) in his piston-water hapact analysis, used this form Of 
the Tait equation with n equal to 7 and B equal to 3000, the pressure P 
being calculated in bars. Huang C87), also used the Tait equation of 
state in- his numerical study of jet impact, but did not specify the value 
of the constants utillse . 
An adiabatic form of the Tait equation is given by: 
pn PB (s) { (ý- ) 3.3. 
P0 
where n is an approximate constant and B 
is a function of entropy only. 
Penney (123) fitted Bridgman's data for pure water with an expression 
of the above form. The values of the approximate constants were given 
as: n equal to 7.15 and B equal to 2.94, where P 
is calculated in k. bar. 
More recently, Riney (133) fitted the data of Rice and Walsh 
(131) 
with a third-order fit, in the range 
0 to 25 k. bar, given by the 
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expression: - 
Ap + Bp 
2+ 
C-P 3 3.4. 
where A= 21.9534 k. bar; B= 52.138 k. bar, C= 231.81 k. bar and 
P 
p0 
The above equation of state was used by Glenn (71) in his numerical 
cal-culations of pulsed-jet nozzle flow and is independent of energy. 
If large fluctuations in temperature are possible or suspected, 
however, then a more advanced equation of state, dependent on both density 
and energy, is required. An equation of state of this form has been 
developed by Riney (133) for pressures in the range 2-200 k. bar. The 
expressions developed were complicated but correlated well with the 
experimental data of Rice and Walsh. 
Bjork and GiLtings C7) have developed a pressure-volume-energy 
equation of state in the form of tabular arrays, to be used in hydro- 
dynamic computer calculations and this also provides information in the 
steam and two-phase region. Prichett and Riney (127), in a numerical 
study of jet impact, showed that water compressed to very high pressures 
Ce. g. I megabar) by the action of a shock wave would, on release of the 
pressure, never revert to the liquid state but would form steam. The 
limiting shock pressure for steam formation was given to be 56 k. bar. 
A further equation of state for pressures in the range 0 to 250 k. bar 
., s that of Walker and 
Sternberg (158). This is a seventh-order f it to the 
experimental data of Keenen and Keyes, Kennedy et al, Snay and 
Roserribanm 
and Rice and Walsh (99,131,143), given by: 
P= pF I+p3F2+pF3+pF 
where F is a seventh-order polynomial 
in energy (see App. 8). 
3.5. 
There is 
good correlation between the equation of state and experimental 
data. 
Choice of Equation of State. 
Glenn (71) in his numerical studies of the flow process within a 
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pulsed jet nozzle, found that significant changes of internal energy 
could be attained. This finding cast some doubt over his results bince 
he had used an equation of state that was -independent of energy. In view 
of this, an equation of state derendent on both density and energy was 
used in the present study. The equation of state dependent on energy and 
density described by Riney (133), neglects the 0-2 k. bar range and is 
therefore unacceptable, the range of interest in the present study being 
0-30 k. bar. The Bjork-Gittings equation of state was considered inconven- 
ient for use in the present numerical study in view of its tabular structure. 
This equation of state is of great value if the formation of steam is 
possible, as for example, in hypervelocity jet impact. This information, 
however, is unnecessary in the present study as the formation of steam will 
not occur below an initial shock pressure of 56 k. bar (127). 
The most suitable equation of state dependent on both energy and 
density appears to be that of Walker and Sternberg. The 7th-order poly- 
nomials fitted to a variety of experimental data ensure good accuracy 
in the rati-ge of interest. The expressions are long but simple in nature 
presenting little difficulty in computational terms (see App. 8). 
3.2.1. The Tensile Strength of Water. 
Experimental and analytical studies have shown that under certain 
conditions water can attain negative pressures (17,63,78,125,163). 
The negative pressure that may arise, within a body of water 
is analogous 
to a solid bar in a state of tension. A liquid subjected to negative 
pressure, however, is metastable; in time it will change spontaneously to 
the two-phase system , liquid plus vapour and 
the pressure will rise to the 
equilibrium vapour pressure (63). 
Fisher (63), applied the theory of nucleation to predict the maximum 
negative pressure of water to 
be 1.32 k. bar at 300K. This value, however, 
is not verif ied bY experimental evidence; 
Briggs (17) ,f or example, 
f ound 
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the tensile strength of water to be 0.277 k. bar at 10 0 C. This represents 
the largest negative value of pressure determined to date. The 
discrepancy between the theoretical and experimental results may be due to 
several causes. Fisher showed that the tensile strength of water is 
significantly lower at a solid-liquid interface, while Briggs found that 
temperature has an important influence. In addition, the presence of 
suspended particles or undissolved gas will result in much lower values than 
for the pure liquid (78,79,122,125). Dirty water, for example, will 
have only a small tensile strength, if any at all (125). Solid particles in 
the water can initiate nucleation, although it is not possible to predict 
at what pressure this w. 4,11 occur. Nucleation can also be achieved by 
rubbing a solid across a liquid in tension, this process being referred to 
as tribonucleation (79). Undissolved gas nuclei* of microscopic size can 
exist in water and these will grow into bubbles as soon as negative pressures 
are encountered (79). Experimental evidence suggests that gas nuclei are 
stabilised by being held in hydrophobic crevices in suspended particles 
4 
or in the surface of the liquid container. Water will not 90 into tension 
until it is first de-nucleated and this is achieved by compressing the fluid 
to a high pressure over a given time period, for example, 300 atmospheres 
for 10 seconds (79). If the liquid contains a large proportion of undissolved 
air, then as the pressure is reduced air may come out of solution and 
form 
cavities in which the pressure will be greater than the vapour pressure of 
the liquid (122). 
Even when the local pressure is accurately known, 
it is far from easy 
to predict when cavitation will occur, because 
it is necessary to estimate 
the distribution and size of the nuclei present (122). Plesset 
(125), 
applied probability theory to this problem with some 
interesting results. 
His analysis indicated that a pure 
liquid without nuclei will have a 
tensile strength of thousands of atmospheres. 
The presence, however, of 
nuclei with the dimensions of 
10-8 m will resu 
I It in a tensile strength of 
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the order of a hundred atmospheres, while larger nuclei will reduce this 
further to the order of tens of atmospheres. 
3.2.2. The Standard Cavitational Model. 
The piston-water impact analysis described in section 2 and the 
later numerical work on the flow in a pulsed-jet cumulation nozzle, 
showed that regions of negative pressure were developed, within the water. 
The numerical study, therefore requires the tensile strength of the water 
to be estimated. 
Water used in a practical water-cannon system will contain dust 
particles, dissolved minerals, dissolved air and als. - undissolved air. 
In addition, if the water is recycled, as in the Russian impact- extrusion 
machines (24), then it will almost certainly contain small rock fragments. 
The internal surfaces of the water cannon will also be dirty, in terms of 
the laboratory standards required to produce negative pressures. The 
possibility of negative pressures developing are further reduced by the 
phenomenon of tribonucleation which may occur between a rotating piston 
and the water. In conclusion,, the available experimental and theoretical 
evidence would, therefore, suggest that under the above conditions, water 
will have no tensile strength. In the majority of the numerical 
calculations, therefore, the zone pressure was put equal to zero if the 
calculations indicated negative pressures would be developed. 
3.2.3. The Negative Pressure Model. 
During the impact-cumulation flow process within a pulsed jet nozzle, 
rapid changes in pressure can occur, time scales the order of a microsecond 
being predicted. It may be possible under such dynamic conditions to 
briefly 
attain large negative pressures which would otherwise 
have been impossible, 
there being insufficient time for cavitation to develop. In addition, the 
large pressures generated on 
impact may de-nucleate the water, so allowing 
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negative pressures to be generated. 
C(.,, -iputer experiments were carried out to see how negative pressures 
could influence the flow process (see 5.2.3). A problem arises, however, 
in estimating the value of negative pressure for a given value of density 
and energy. To simplify this procedure the Tait equation of state was 
indirectly employed. A plot of pressure against density, using the above 
eqpation is shown in fig. (3.1), and it can be seen that no symmetry exists 
about the density axis. Assuraing symmetry, an estimate of the negative k> 
pressure for a given density can be obtained by fitting a straight-line 
relationship to the pressure-density data given by the Tait equation, in 
the range 0-1.32 k. bar. The equation of state used to calculate negative 
pressures was therefore given by: - 
0.0248391547p-24.79469261 3.6. 
3 
where F is the pressure in k. bar and p the density in kg/m 
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Computational Method. 
4.1.1. Introduction. 
A considerable volume of literature has accumulated over more than 
two decades, dealing with the application of computers to the solution 
of non-linear partial differential equations of fluid motion. Finite 
difference techniques have been applied to a variety of previously 
unsolved problems with a notable measure of success (11). 
Finite-difference techniques fall broadly into two groups being 
based on either Lagrangian or Eulerian equations of fluid motion. These 
methods all have in common the sub-division of the f low-f ield into a 
finite number of discrete zones or cells in one, two or exceptionally 
three space dimensions as the problem requires. The equations of fluid 
motion are then solved for each individual cell which is effectively 
treated as af luid particle and the procedure is repeated over a multi- 
plicity of small time intervals. 
In the Lagrangian formulation the co-ordinate system moves with the 
fluid and this offers several advantages: -- 
(a) regions which require detailed examination can be zoned more f inely; 
Cb) interfaces separating different materials can be accurately modelled; 
free-surface boundary conditions are easily applied; 
curved rigid boundaries present no dil-7ficulties. 
However, the Lagrangian calculations become less accurate wben the cells 
become badly distorted. The allerian methods have the advantage that large 
cell distortions can occur without loss of accuracy. These methods 
have 
limitations however, in that local regions of fine resolution are difficult 
to achieve and interfaces separating two materials cannot 
be treated with 
accuracy (75). Problems may also arise when dealing with 
fluids that are 
almost incompressible because zones must 
be completely full for an accurate 
solution 
The present study necessitates a procedure that can 
handle material 
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interfaces, curved rigid bounclaries and an almost incompressible fluid. 
These requirements initially suggest,..; J the adoption of the Lagrangian 
method but stich -a choice may result in inaccuracies in view of the large 
grid distortions that may occur with some nozzles. The problems associated 
with grid distortions may be overcome, however, by adjusting the cell 
dimensions at given time intervals, making due allowance for conservation 
of mass, momentum and energy at each adjustment. A one-dimensional 
procedure of the above form was used by Glenn (71), on the -basis of an 
original code formulated by Trulio and Trigger (152). 
Conservation laws are applied at a series of small time steps to each 
of the. discrete zones into which the fluid packet is divided and re-zoning 
takes place at each step to maintain uniformity of zone length. Glenn's 
numerical work shows very good correlation with existing experimental results 
regarding maximum jet velocity obtained in specific nozzles (45). 
In the present study a computer programme was de'veloped, based on the 
finite difference equations described by Glenn (71). Variations from 
Glenn's scheme include: 
Ca) an equation of state dependent on both energy and density (see 3.1.2); 
Cb) exact calculations of cell volume Csee 4.7); 
Cc) the introduction of supersonic and subsonic boundary conditions (see 
4.5.2 and 4.5.3 respectively); 
(d) a different treatment of artificial viscositY in program. mes 
involving 
solid pistons (see 4.9). 
Initially, fluid pistons were examined and the effect of nozzle area 
ratio and length ratio was compared with the earlier numerical work of 
Glenn and also with the theoretical studies of Ryhming. 
In further 
studies the influence of both nozzle shape and collimator 
length on the 
system performance was determined. 
This was achieved by introducing a 
new performance criterion which 
is essentially the time-integral of the 
stagnation pressure at the nozzle exit 
for a prescribed period during the 
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jetting process (see 4.6). 
The prograrnme was then develope(i to model impact-cumulation devices 
Utilising solid-pistons. In addition, impact extrusion systems were 
br-'--fly analysed and also systems that were part cumulation, part 
extrusion (see 5.3). 
The Integral Analogue Formulation. 
The programme used in the present study is an integral analogue, 
one-dimensional finite-difference scheme. The development of finite- 
difference equations using the integral method is described in Appendix (1), 
while the complete list of finite difference equations used in the present 
formulation is given in Appendix (2). It has been shown by Glenn (71) that 
in this particular finite-difference analogue the total energy is conserved 
exactly. An additional feature of this formulation is the re-zoning process 
which takes place every time step, the aim of this procedure being to 
avoid the inaccuracies which may result as a consequence of extreme cell 
distortion. 
The zones into whick the water packet is initially divided are of 
equal length. Generally speaking the greater the number of zones the 
greater the detail and accuracy of the solution. To avoid oscillatory 
dynamic instability the maximum allowable -ime step is estimated from the 
Courant stability criterion, given by: 
max = c 
4.1. 
where L is the zone length and C the sound speed. Finer zoning necessitates 
smaller time steps and therefore demands more computer time. Initial 
computer experiments on the effect of the value of time step and zone 
length 
on stability and accuracy are described 
in section (7.1.1). 
The water can be considered to be composed of two sets of zones as 
depicted in fig. (4.1). 
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Cells bounded by the grids Xn and Xn are referred to as J-1 J+1 2 
n momentum zones and cells bounded by --he grids and X as ordinary J+1 i 
zones. Where X represents the distance along the nozzle axis, J the 
zone identifier and n the time-step identifier; for example, XI refers 50 
to the 50th momentum grid in the first time step of the calculations. 
Dynamic variables such as velocity are associated with momentum zones 
whereas thermo-dynamic variables such as pressure are associated with 
ordinary zones. 
The integral -analogue formulation used in this study is an 'explicit' 
method. It is explicit, because all the values at time tn that are necessary 
to calculate new values at t n+1 are known. The calculations are, however, 
split into two parts - In the first step, t6rmed the Lagrangian calculation, 
new values of pressure, density, energy and velocity are obtained. The 
second step, referred to as the transport calculation involved re-adjusting 
the grid system to ensure uniformity of zone length. Appropriate modificat- 
ions are then made to the momentum cells in terms of mass, energy and 
momentum to compensate for the change in grid boundary. This two-step 
procedure is illustrated in fig. (4.2). 
Consider the original momentum cell, centred at Xn In the Lagrangian i 
n+l 
calculations the grid moves with the fluid to a point given by XL i, 
The Lagrangian calculations are made in sequence until all grid calculations 
have been completed. In the second step, the grid structurE is altered to 
give equal-width zoning and the first-step momentum grid position 
is moved 
from XLn+l to X n+l The ordinary cell at time n bounded by the grid lines ii 
xn and Xn now moves to a new position at time n+l bounded 
by the modified 
J-1 i 
grid lines X 
n+1 and X n+I The various transport calculations are made, J-1 i* 
the velocity of the fluid associated with the new grid position 
is 
calculated and the system 
is then ready to start a new cycle. 
v 
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4.2 Equal-Width Zoning. 
The first-step Lagrangian calculation of XL n described in i 
section (4.1.2) may be written as: 
n+j n+l XL i. + UL i AT 4.2. 
n n+I where Xi is the original grid position, XLj 2 the new Lagrangian 
position, UL n+l the estimated Lagrangian velocity and AT the time step. i 
The next step is to re-locate the grid position, to ensure uniformity of 
zone length; and this is determined by the relationship: 
Xn+l + Sn+1 4.3. At 
where Sn+1 is the grid velocity necessary to move from the Lagrangian 
n+1 n+l position XL i, to 
its r., cw position Xi in the time step At. In the 
present study S is given by: 
s n+l . *({XLn + (J-1) Ll - kn-) /DT 4.4. 111 
n+I n+ 1 and L= (XL 2- XL 2) /N4.5. Jmax 1 
where N equals the total number of zones. 
4.3. Treatment of End Cells. 
First consider the leading zone, which unlike interior zones, 
ne consists of only half a momentum cell bounded by the grids Xj_, and - 2 Jmax 
Csee fig. (4.3)) . The calculation of grid velocity of interior momentum 
cells is given by: 
_ nfIn 
n n+l. = Mon (TMIn Ve mo DT +1 J+l J_j 
* VE 
_j) ij222J2 
n (pQn+l .1 +A J+j _ rQni 
) 4.6. 
12 J-2 
u n+l = Mon+l /MM 4.7. iii 
w-here MO is the momentum, TMI the transfer of mass due to the second step 
grid boundary change, VE the ordinary cell velocity, A the cross-sectional 
area, PQ the effective pressure which contains an artificial velocity term 
(see 4.9), MM the momentum cell cass and U the momentum cell velocity. The 
momentum cell mass MNj 
is equal to the mean value of the mass of neighbour- 
ing ordinary cells2 that 
is: 
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P- I+ J+ 
14J-1 
22 
where M is the mass of an ordinary cell. 
4.8. 
Now in the case of the leading cell, the ordinary cell IP- I does Jmax+2 
not exist and therefore a special procedure must be adopted for calculating 
the mass of a momentum cell. The leading momentum cell mass could be 
given by halving the value of the leading ordinary cell mass (see fig. (4.4)). 
In nozzles of rapidly changing area ratio, however, this method could 
create errors. Although the density is considered constant throughout any 
particular cell, the change in volume with distance along the nozzle must 
also be considered when calculating the end momentum-cell mass. This is 
achieved in two stages, the first of which involved calculating the exact 
value of the leading momentum-cell volume between grid boundaries X Jmax and 
x as depicL-ed in fig. (4-3). The mass of the leading momentum cell Jmax-2 
is then obtained by multiplying the volume by the knoum density. In view 
of the format of these calculations the leading zone can be considered to 
be, in effect, a half momentum-cell. Similarly the transport terms 
n TMI, 
+j and 
Ve- , given in equation (4.6) do not exist for the leading cell 2 J+2 
and the analogue of the momentum equation may be simplified to: 
m n+l + DT'I(TM, n_, * Ve ') + (p 
n+l - PB) 4.9. QJ-1 00J 
J-2 
2 
Jmax Jmax 
where PB is the pressure ahead of the accelerating water. 
The rear of the water packet does not normally enter the nozzle but 
remains in the constant cross-sectional area region of the barrel, allowing 
a simple treatment of the end cell boundary conditions. In such cases the 
end momentum-cell velocity is equated to that of its neighbour and the 
ordinary cell pressure is equated to one bar. 
4.4. Nozzle Wall Friction. 
Glenn (71) developed an order-of -magnitude relationship to compare the 
time of flow through the nozzle neglecting viscosity 
(t i) to the time 
required for a boundary layer, of a thickness equal to the nozzle exit 
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radius, to form (t 
v 
). The flow duration of interest was taken to be 
of order L/C, where L is the nozzle 1 --ngth and C the sound speed. An 
approximate time for boundary layer formation was determined with the 
aid of Rayleigh's classical solution of impulsive viscous flow over 
a flat plate giving: 
r2 16v e 
where re is the nozzle entry radius and v the kinematic viscosity. The 
resultant ratio of the time for a boundary layer of a thickness equal to 
the nozzle exit radius to form, to the time of flow through the n6zzle is then 
given by: 
t /t r2 CýL 16v ve 
4.1o. 
Consider a typical impact-cumulation nozzle described by the following 
dimensions: - 
0.2m. 
O. Oo762m. 
e 
v 1.006*10 -6 at 20 0 C. 
.t 
Then 26,749 
The above analysis indicates that viscosity may be safely neglected for the 
nozzles of interest in the present study. Experimental jet impact studies 
by Field ( 54), however, have shown that a slight reduction in velocity can 
occur when the nozzle exit diameter is reduced below about 0.8mm. It is 
inferred from this that errors may result when applying an inviscid analysis 
to nozzles of very small exit diameter and this is confirmed by equation 
4.10. The nozzles used in the present work have diameters appreciably in 
excess of 0.8mm. being representative of current practice in coal-mining 
application of water cannon. The available experimental data regarding 
maximum jet velocity for nozzles of this type (45), shows very good 
correlation with the earlier work of Glenn and the numerical results of 
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the present study. (see 7.2.2). 
On the basis of the findings of these previous experimental wai 
theoretical boundary layer studies, the present computations were 
carried out using an inviscid flow model. 
4.5. Nozzle Exit Boundary Conditions. 
Introduction. 
The one-dimensional programme used in the present study cannot 
accurately model the three-dimensional floF outside the nozzle (see 1.5). 
The calculations are restricted therefore, to the flow Within the nozzle 
itself. As a zone pass-s the nozzle exit plane it is discarded and the 
calculations of the next cycle are carried out on the remaining elements 
within the nozzle. Glenn (31), in his numerical study of the f low process 
through a pulsed-jet nozzle, imposed a zero-pressure boundary condition 
at the nozzle exit phase during the discharging phase. This assumption is 
realistic for subsonic jets but no so for supersonic jets when the pressure 
at the ex--*t plane may be several kilo bars. 
In the present study the j et velocity at the exit plane is compared 
with the local acoustic velocity and a subsonic or supersonic boundary 
condition is then applied accordingly as described in sections 4.5.2 and 
4.5.3. A constant time step, typically of one microsecond, is used 
throughout the calculations, which, in the discharge phase, results in the 
leading zone bridging the exit plane as depicted in fig. (4.5). The 
maximum jet velocity of a cumulation nozzle occurs at the instant of 
discharge and is evaluated in the present programme by an interpolation 
procedure given by: 
nn Vn-I XNE -X 
n-I 
Vmax =V Jmax + 
(V 
Jmax im. 
)-t Jmax 1 4.11. 
xnx n-I Jmax Jmax 
Similarly the velocity at the nozzle exit pla: --e, for a given time step, 
is found as follows: - 
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Fig. (4.5) 
xx 
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nnn XNE -e vV+ (V v Jmax-I 4.12. max Jmax-1 Jmax Jmax-I 
xnn Jmax Jmax-1 
4.5.2. The Subsonic Model. 
If the jet is subsonic, pressure signals can be transmit', -ýid upstream 
and therefore the pressure at the orifice plane is always atmospheric. 
Accordingly a constant one-atmosphere boundary condition is used in front 
of the leading zone. The effective pressure of the leading zone, itself, 
is determined in the following way. If the mid-point of the leadincr zone 
has emerged from the nozzle then its pressure is put equal to one atmosphere. 
If the mid-point of a bridged zone is within the nozzle its pressure remains 
as calculated. In the calculation of momentum it is necessary to use the 
mean zone pressure for a given time step which is given by: - 
PQ n (P n-1 +pn )/2+ n J+l j+l Q 22 J+! J+2 4.13. 
where PQ is the total mean effective pressure, P the calculated pressure 
and Q the artificial vizcosity. 
4.5.3. Supersonic Model. 
Pressure waves cannot be transmitted upstream in a supersonic jet and 
therefore the pressure at the orifice plane is assumed to remain as calculated 
with-in the programme. Before discharge, a one-atmosphere boundary condition 
is imposed ai, ead of the leading zone. With the onset of jetting, the mean 
pressure in front of the leading zone is given by: 
n-I cp3mýx 
-I 2 
4.14. 
1w here Fn is the pressure in front of the leading zone at time n, P 
n-l 
L Jmax-1. 
the pressure of the previous leading cell at time n-l and P0 the atmospheric 
pressure. 
4.6. Ferformance Criteria. 
At the instant of discharge, the velocity at the nozzle exit plane may 
easily reach 2000 m/s. or more but this value rapidly decays with respect to 
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time. The value of the maximum j et velocity is important in view of the 
water hammer effects associated with head impact (see 1.6). In view of 
the findings of Daniel (43) it is also appropriate, in the context of 
overall cutting performance, to consider the 'quasi-steady' flow phase in 
which the jet stagnation pressure can, in some cases, produce loading of 
the target which is comparable to that arising from the initial head impact. 
Glenn assessed the performance of various nozzles on the basis of both 
the maximum jet velocity and an efficiency parameter. He defined the 
latter as the ratio of useful jet kinetic energy to the initial piston 
kinetic energy. Although this quantity is of importance in the overall 
context of cutting efficiency it fails to relate the output of energy to 
the damage produced on a target specimen. It is pos3ible, for example, that 
a given nozzle could rate highly in terms of cc; nverting a large proportion 
of the input energy to jet kinetic energy but could simultaneously fail to 
produce any significant damage to the target if the accompanying jet 
velocity is too low. It would therefore seem that a requirement exists for 
an additional performance criterion wh. -Z-ch seeks'to quantify the effects of the 
useful part of the discharge emerging from a given nozzle under specified 
impact conditions. 
The present work is aimed at obtaining an assessment of the influence 
of nozzle design, both on the initial head velocity and on the 'quasi-steady' 
pressurisation provided by the jet which follows. 
The maximum pressure generated in the nozzle is another important 
parameter to be considered. Possibly the greatest drawback of 
impact- 
cumulation devices is the very high pressures developed in the nozzle, often 
much in excess of the yield strength of the material even for quite modest 
energy input. 
The magnitude and duration of the pressure generated on 
impact will 
depend on the jet-head velocity and diameter respectively, and 
these can 
be determined using the known one-dimensional theory (see 1.6). 
In 
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addition the effect of 'quasi-steady' pressurisation has been assessed 
in the kresent work by evaluating the time-integral of the stagnation 
pressure at the nozzle exit for a prescribed period during the jett-Lng 
process. 
Physically, this integration process evaluates the impulse per unit 
area provided by the nozzle and so takes account both of the potential 
level of pressurisation available in the jet and also its duration. 
Naturally the impulse applied to the target would be considerably diminished 
in comparison with that emerging from the nozzle. This discrepancy would 
depend on air drag, which in turn is related both to the initial jet over- 
pressure in the case of supersonic outflow, thus cont---olling the tendency 
towards cavitational break up, and to the stand-off distance which2 if 
excessive, allows Rayleigh-Taylor instability effects to cause further jet 
disruption (see 1.5). Nevertheless, the impulse at the exit from the nozzle 
itself remains valid as a basis for comparison between the performance of 
different nozzles, provided the losses for the cases being compared are 
similar. The integral representing impulse per unit area will be referred 
to subsequently as the "stagnation impulse". 
Daniels (42) in his pulsed-jet experiments has shown the existence 
of threshold velocities below which negligible damage occurs to the target 
Cs ee 1.7) . It can be inferred, from these results, that when comparing 
nozzles to be used on a given target, a threshold velocity must be specified 
below which the stagnation impulse calculations are terminated. Variations 
in the threshold velocity can significantly effect the magnitude of the 
stagnation impulse as can be seen in section (7.1.3). 
4.7. Nozzle Volume Calculations. 
Numerous calculations of volume, connected with individual cells and 
transport terms2 are made in any one cycle of the computer programme. 
In 
the previous work of Glenn 
(71) the volume calculations of, for example, 
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a specif ic zone were made. by synthesizing a number of cone frusta which 
approximately modelled the nozzle profile. This method has the advantage 
that nozzles ofany shape can be analysed. 
The nozzle profiles of interest to date, however, have been defined 
by mathematical functions, for example, hyperbolic, exponential, catenoidal 
and conical (see section 1.2.7). In the present study, therefore, it was 
decided to calculate the volume exactly from the known mathematical function. 
4.8. Calculations with S013, d'Pistons. 
Introduction. 
The published work of Glenn (71), to date, is restricted to cases 
in which a moving packet or "piston" of water impinges on a stationary 
nozzle. In later studies by Glenn and Locher (46), details of which were 
never published, a limited number of calculations were made for a moving 
solid piston striking a stationary water packet (see fig. C7.2)). In this 
study the dynamics of the piston were not accurately analysed and a rigid- 
body approximation was made. 
A one-dimensional finite-difference model of the piston cannot cope 
with the radial motion which- accompanies the passage of a longitudinal 
stress wave. Such a system in analogous to a bar that has its diameter 
constrained to permit no radial motion, in which case, the wave velocity 
may be shown to be: 
C, 
C 
[1-v 
= CL] (1+v)(1-2v) 
4.15. 
where '9 is Poissons ratio and CL the one-dimensional wave velocity given 
by: 
cE 4.16. 
Equation 4.16 relates to cases in which the wavelength of the transmitted 
pulse is long compared to the piston 
diameter (see 2.2). For a value of 
IC 
Po--ýssons ratio equal to -5 the ratio c/C L=1.22 and therefore some error 
could result in employing a one-dimensional 
finite difference approach. 
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In solutions where the wavelength of the transmitted pulse was short 
compared to the piston diameter the wave speed is even less than that 
given by equation 4.16 further increasing tl--his discrepancy. 
In the present investigation a detailed study of the piston dynamics 
is not required although the value of the piston-water interface velocity 
after impact must be known. In view of the limitations of the one-dimensional 
finite difference model in terms of analysing the piston motion and in the 
additional computer time required, it was thought realistic to employ the 
one-dimensional impact-model described in section (2.2). 
4.8.2. Piston Water Impact Model Cl). 
This method determines the piston-water interface velocity by examining 
the effect of pressure waves transmitted through both media. This is 
achieved by calculating the velocity of the rear momentum zone using the 
piston-water impact model described fully in section (2.2). 
The piston-water impact produces a shock wave which travels through 
the water and a longitudinal stress wave which travels through the piston 
(see f ig. C2.6) ). On arrival at the free end of the water packet, the bhock 
undergoes reflection as a rarefaction wave. The pressure in the water 
packet behind this rarefaction is close to atmospheric and the velocity is 
nearly double that induced by the incident shock. Waves will also be 
reflected in the piston but these result in a reduction in particle velocity. 
The rarefaction wave in the water, on reaching the interface, results in 
the water moving away from the piston and initiating a state of cavitation 
Csee 2.2). 
With the onset of cavitation the water rear surface is no longer 
influenced by the piston and the water packet is treated as a fluid piston. 
The rear surf ace of the water packet will eventually slow 
down introducing 
the possibility of further piston 
impacts. The piston-water impact model 
employed to analyse the 
important earlier stages of motion becomes 
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inconvenient as a consequence of the complicated flow processes that 
have occurred. In the remaining stages of the flow, therefore, the piston 
is treated as a rigid body. 
After extending the original fluid programme to handle solid pistons 
instability problems were encouncered, thought to be caused by the inability 
of the code to cope with shock waves generated in the piston-water impact 
process. After a considerable number of computer experiments, however, a 
satisfactory formulation was developed. The important features of this 
work are discussed in section C7.2.1). 
4.8.3. Piston-water Impact Model (2). 
In the previous piston-water impact model described in section 4.8.2. 
the origin of the time axis was the point at which the moving piston 
struck the stationary water packet. The position and strength of the shock 
wave transmitted through the water and the subsequent flow through the 
nozzle were calculated from the instant of impact. It was found with this 
approach that large spurious oscillations of the values of parameters 
occurred between neighbouring zones (see f i9C 35 )) - Various computer 
experiments were carried out using different types of artificial viscosity 
formulation in an attempt to reduce these oscillations, with some success, 
although an alternative approach was considered desirable (see 5.2.1 and 
7.2.1). The approach described here is to begin the finite difference 
programme af ter the incident shock has reached the leading edge of the 
water packet. In this way the shock-induced oscillations are avoided. 
The initial values of pressure and density respectively in the ordinary 
zones are equated to a pressure and density of value associated with the 
act conditions. The pressure is calculated from an expression 
developed by Heymann (80),, given by: 
PC V. 
2V i) 4.17. 
01 "1 L. 0 0 
where C0 is the speed of sound 
in water, p the density and V. the 
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particle velocity associated with the shock pressure Pi. The density 
associated with that pressure is first estimated using a Tait for,., - of 
the equation of state for water, given by: 
(. pI p "-:: p ;; + 1) n 4.18. oB 
The above equation is used in conjunction with the Sternberg equation 
of state (see 3.1.2) in an iterative procedure to determine a more 
accurate value of density for a given shock pressure. 
In view of the new start-time of the finite difference calculations 
relative to the moment of impact, the wave reflection times are suitably 
altered. Multiple reflection can occur within 'short'pistons before 
the primary shock has traversed the water packet. This wave motion in 
the piston brings about a reduction in speed of the piston-water interface 
which in turn results in the emission of a series of rarefaction waves 
into the water packet. In such cases the arrival of the first piston 
rarefaction wave at the interface, heralds the start of the calculations 
(see fig. 4.6). 
The water packet is artificially positioned a distance, D away from 
the nozzle entrance where: 
D=VI CRTW-RTP) 4.19. 
w1liere RTP is the time for the initial stress wave, generated on impact 
in 
the piston, to arrive back at the interface, after reflecting off the rear 
of the piston; RTW the time for. a shock wave to traverse the water packet; 
the common piston-water interface velocity immediately after 
impact and 
D the initial distance between the nozzle entrance and the leading edge 
of the water packet (see fig. (4.6) and(4-7)). Whilst the water packet 
moves through distance D, the leading grid is constrained to move at the 
impact velocity. Hence the pressure profile will be of a 
form similar to 
that depicted in fig. C4.8) when the leading edge of the water packet 
arrives at the nozzle entrance. 
At this instant, the pressure velocity 
profile is the same as 
if the shock wave had travelled through an initially 
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stationary water packe-t to reach the leading face, during which time 
a seri(! I, of rarefaction waves had been emitted from the piston-water 
interface. The advantage of this new model is that it eliminates all 
the non-physical additions associated with the passage, throuý; h the 
water packet, of the initial impact-generated shock wave. 
4.9. Artifical Viscosity. 
In order to damp the non-physical oscillation of the grid elements 
associated with the passage of a shock wave, an artificial viscosity term 
is calculated f or each cell at every time step and added to the value of 
pressure. This concept was first introduced by Von Neumann and Richtmyer 
(157), their original formulation being given by: 
2 6u 2 Qp (bAx. ', 
- 
Q1--) 4.20. 
3x 
where Q is the artificial viscosity, b is a constant, Ax the grid width 
and u the velocity. 
One of the properties of any artificial viscosity formulation is 
that it should have a strong damping inf luence in shock regions, but 
elsewhere have a negligible effect. In equation (4.20) this desirable 
characteristic is enhanced by the quadratic velocity term. 
Variations from the original artificial viscosity formulation 
have been dzý7eloped to provide an improved solution to a particular flow 
problem. The formulation adop(--ed for the fluid piston computer experiments 
is given by: 
I 
n+1 n n+2 nnnn n+ 1. = +p J+ R 
fx I f or VR>O Qj+ (PJ+l 1) cv J+j J+l -xi) (a I Ix J+l -xi 2 
n+l n+l VRj+j + bCj+ i) 
for VR, <O Qn+12 -0 J+1 
4.21. 
where Q is the artificial viscosity, a and 
b constants (see 5.2.1), C the 
local sound speed, X the co-ordinate along the nozzle axis and p the 
density. The term VR is a measure of the A-ate of change of cell volume 
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and is given by: 
n+l,.. n+l, n+l n VRJ+ I-= CILV LV 1) /V AT 4.22. 2 J+l J+j 
where AT is the time step, V the ordinary cell volume and LV the Langrangian 
volume. The effective total pressure for a given time step is determined 
by the following relationship: 
n+ n n+l I PQ (]Pj+ 1+P+ 1) /2 
+rTl+2 J+ "*j +1 2j22 
4.23. 
where Q is the artificial viscosity, P the pressure at a given time step 
and PQ the mean effective pressure over a given time step. 
Locher (46) found the artificial viscosity formulation given by 
equation 4.21 to be inadequate when he developed Glenn's programme to include 
a solid piston. He found that only by the addition of a linear tem to 
equation 4.21 could the code be induced to yield any results at all, and 
even then only at the expense of large-amplitude non-physical oscillations 
in flow properties throughout the water packet. Unfortunately no details 
were published but the linear term was probably of a similar form to that 
proposed by Landshoff (134), namely: 
P Ax u 0 
(L 
ýx 
4.24. 
Similar problems involving programme instability occurred with the 
introduction of a solid piston. It was found possible, however, to obtain 
results with the initial artificial viscosity formulation by introducing 
a modificatLc: n to the calculation of momentum-zone density (see 7.2.1). 
Very large non-physical oscillations were still found to occur and several 
formulations were devised and tested in an attempt to improve the damping 
of the algorithm. It was found that no significant improvement could be 
made by changing the format of the artificial viscosity formulation. A 
noticeable improvement could be achieved, however, by increasing the zone 
width, decreasing the time step and by careful selection of the magnitude 
of the artificial viscosity coefficients 
(see 7.2.1). 
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4.10. Air in the Nozzle. 
Lc,,. her (46) developed Glenn's programme to include the effects of the 
presence of air in the nozzle. He formulated a one-dimensional model w. Lth I 
a zero pressure boundary condition at the nozzle exit. The zero-pressure 
boundary condition is not strictly correct as a finite -pressure blast 
wave is emitted from the nozzle prior to discharge. Nevertheless the flow 
within the nozzle is modelled with sufficient accuracy to enable comparison 
to be made with calculations that neglect air effects. Locher's results 
were, in fact, compared with both the numerical results of Glenn and 
experimental results, and this comparison indicated that air in the nozzle 
had a negligible effect on the maximum velocity (45). In view of this, 
the effect of air in the nozzle was omitted from the present ana ysis. 
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i Computing Experiments. 
The Fluid*Piston'Programme. 
5.1.1. Development of the Fluid Piston'PiLogramme. 
When developing the fluid piston programme a nozzle of exponential 
prof ile was analysed so that the results could be compared with the 
ear 3. er work of Glenn (71). The exponential prof ile is described by 
the relationship: 
r=r exp. Cý - 1) ln 5.1. 0L1r 
e 
wb-ere x represents the distance along the nozzle axis; r0 the entry 
radius; re the nozzle exit radius; L. the nozzle length; 1, the water 
packet length and r, the nozzle radius at any point x. (see fig. (7.1). 
On achieving a satisfactory working programme a series of computer 
experiments was carried out. to find the ef f ect of varying, in turn, the 
zone length, time-step and artificial viscosity, in the ranges: - 
Zone test At = lps, Artificial viscosity coefficients: 
Ca) =4x 10-4 
(b) = . 25 x 10 
20 < number of zones < 60 
(2) Artificial viscosity test (50 zones, At = lps ). 
Oa4 
0<b<0.25 
where a and b are coefficients in the artificial viscosity formulation 
Csee Appendix (2)). 
(3) Time-step test (40 zones, a=4x 10 -4 ;b=0.25 x 10-4 ) 
1<3, p a 
Me above tests were carried out on an exponential nozzle of unity length 
ratio. area ratio 100 and initial fluid Mach number of 0.1. Where the 
Mach number is the ratio of the fluid packet velocity (V P) 
to the 
undisturbed speed of sound CC 0 
), i. e. MC 
0 
Throughout the numerical study the length of the water packet was 
86. 
1 Considered to be fixed at 0.1524m. unless stated otherwise. 
Fluid Piston Parameter 
The aim of this particular study was to investigate the 
influence of the individual system parameters on the flow process 
within the nozzle. The parameters and their range of interest are as 
follows: - 
L The length ratio, 
0.5 <, Lr '<ý 4 
(a) Water packet length, I=0.1524m. I (b) Nozzle length, L=0.1524m. 
Ar= 25, M=0.3 
Ar= 50, M=0.3 
iii. Ar= 10u, M=0.3 
iv. Ar= 100, M=0.1 
i. A- 
r= 
100, M=0.1 
A (2) Area ratio (A 0) 
Twhere A is the nozzle e entrance cross-sectional area and A is the nozzle 0e 
exit cross-sectional area. 
25 <A< 500 
(3) Initial fluid packet mach number, MCp 
0 
0.05ý<, M 0.3 
A= 25 
Cb) Ar= 100 
Nozzle Shape Test 
The following nozzle internal profiles were investigated for the 
case of a nozzle of unity length ratio and area ratio 100. 
(1) Simple Exponential 
1.1' x. r ol r exp. -{(. =, - 1) In (--=-) 1 5.2. 0L1re 
87. 
(2) Generalised Exponential 
Gz 1G2 exp. CG 3 x) 
where G,, G2 and G3 are constants for a given nozzle. 
1G3< 30. 
(3) Hyperbolic 
For 
Polynomial 
I -n 
1< 
xnk 
where k and k are constants for a given nozzle 12 
-6 <n< +6. 
5.3. 
5.4. 
5.5. 
The effect of collimator length on an exponential nozzle, of unity length 
ratio and area raLio 100, for an impact Mach number of 0.1 was investigated 
in the following range: 
0< Collimator length <6 
(where collimator length is measured in nozzle exit diameters). 
5.2. Solid-Piston Programme. 
Piston-Water Impact Test Programme. 
A test prcgramme was developed which considered the impact of a 
piston with a water packet in an, effectively, infinitely long barrel of 
constant cross-sectional area as depicted in fig. (5.1). The motion of the 
water was analysed using the one-dimensional finite difference model and 
the piston-water interface velocity was calculated using the impact model 
described in section 2.2. The numerical results were then compared with 
the known one-dimensional theory (see 2.2). In the test programme, the 
impact Mach number was maintained at a value of 0.1. The number of zones 
within the water packet was varied from twenty to forty, 
in steps of ten. 
For each given number of zones the coefficients 
in the artifical viscosity 
formulation were varied as fol'Lows: - 
88 
C 
H 
0-% 
r-4 
Ln 
Pr4 
rS E-4 
V) ::: ) 1-4 P-4 
01 
89. 
4 
b <. 0.02 5. 
With the water packet divided into thirty zones, a further test on the 
artificial viscosity was carried out by keeping the coefficient "a" 
constant at (1) 0.1 and (2) 0.2 and varying the coEfficient b in the 
range: 
0 %< b ý<, 0.0375 
The effect of an additional linear term in the original artificial 
viscosity formulation was investigated in the range: 
(1) 0.2 b=0.0125,0 <d %< 6q 000 
C2) a=0.04, b=0.0025,0 <d<6,000 
where d is the coefficient of the linear term in the artificial viscosity 
formulation, given by: 
n+2',. - n+1., pn )V n+I nn-nn (PJ+l. R2- (X -x ) fa(X -xj) 2. j+I 22 J+l i J+l. 
n+j. n+l - VRý+j + bCj+f +dj 5.6. 
2- 
(see section 4.9 for a description of the above parameters). 
The quadratic term in the above equation ensures that the artificial 
viscosity value has a large influence in shock regions but is negligible 
elsewhere. In view of the latter property it was considered worthwhile to 
examine an artificial viscosity formulation of both higher and lower points 
in VR given by: 
n+j Q= J+j n+'A'. (P J+ I 2 
n (Xn n2 + Pj+I J+l-x i 
(k) 
2 
(V n+j 2.2 Rý+j) 5.7. 
0< k<0.25 
a+j = and also: Q1 J+I 
(Pn+1 J+I 
nnn2 +Pxk IM J+l i J+ (V0+1) 
1.6 2 
j+i 
5.8. 
2 2 
0< k< 80 
The above schemes were also compared with the results obtained using a 
simple quadratic forumulation given by: 
. 
5.9 
n+j Q J+j 
n+l (P, I J+ 
n2( n +P +1)(Xn -Xk j2 J+l i 
V n+I 2 Rj+ 2 5.9. 
- 0 k<2 
The latter scheme is similar to the von-Neumann formulation (57), but 
in 
volumetric form. Thevolumetric approach was considered 
desirable in view 
0.. 
of the s3. gnificant change 
in cell volume with respect to position in the 
900 
nozzle. 
Since the bulk modulus of water approximately doubles as the 
pressure is increased from I bar to 3.5 k-bar (115), equation 5.8 was 
modified to compensate for this change. This was achieved by multiplying 
equation 5.8 by a coefficient q3 given by the following expression: 
Q3 =k (1 
. 
100) 5.10 
50 
Finally a completely new formulation, based on the rate of change 
of zone pressure, was examined. This is given by: 
Qk AP 
AT 
0k2x 10-7 
, 5.2.2. *Gas Pressure Behind'the'Piston.. 
Previous studies of unsteady flow in a pulsed-jet nozzle have neglected 
the effect of gas pressure behind the piston. It wass considered necessary 
to see if this omission was permissible. The pressure behind the piston 
will clearly depend on the design of the water-cannon, for example, barrel 
length, piston mass and driver chamber dimensions. The pressure range of 
W interest may be estimatedq however, by assuming a constant driver pressure 
for a typical barrel length. 
A constant driver pressure of 5NNIfn 
2 
is required to accelerate a 0.3m. 
steel piston, from rest, along a 1.42m. barrel to give an impact Mach number 
of 0.05. To allow for some variation in Tvater cannon design the driver 
pressure was varied in te range: 
p< 30MN /m 
2 
An exponential nozzle of length ratio equal to two and area ratio equal to 
100 was used. The piston was treated as a rigid body. 
5.2.3. re iü the Water. 
It is possible that negative pressures may be generated, within the 
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water packet, during the flow process Csee 3.2-3). In view of this, a 
series of tests was performed to investigate the influence of the tensilestrengt 
of water on the nozzle performance for the following values: 
(1) zero tensile strength, normr-'-'. ly associated with industrially 
clean water. (125) 
(2) -2 7 7M /m 
2, 
experimentally determined by Briggs (17). 
(3) -132M /m 
2, 
theoretically predicted by Fisher (63). 
(4) Infinite tensile strength. 
The above tests were carried out for the case of an exponential 
nozzle of length ratio two and area ratio one hundred with a 0.3m. steel 
piston. 
5.2.4. -Solid Piston Parameter Study. 
Previous experimental investigations of impact cumulation devices 
have employed, mainly, solid pistons C32,45). To date, however, no 
information regarding the influence of piston length and material on the 
performance of impact-cumulation devices has been published. One of the 
aims of the present work, therefore, was to rectify this situation. Three 
different piston materials, of widely differing characteristics, were 
used in the tests. These were mild steel, aluminium alloy (HE30'. F) and 
nylon 66 (see Table (5.1)). .f 
To conform with the laboratory experimental investigations an 
exponential nozzle of area ratio one hundred and unity length ratio was 
used in the following tests: 
CI) Piston length (FL) CM = 0.05) 
0.05 < PL < 0.5 
(2) Piston Impact Velocity (expressed as a Mach number) 
0.15 (p. L=0.1) 
Several additional runs were made, on the computer, outside the above 
ranges in order to 
investigate particular aspects of the flow process. 
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Piston Density Young's Wave Acoustic 
Material CKg/m3) Modulus Speed Impedance 
CMN/m2) x 10-6) 
Mild Steel 7923 211.937 5172 40.89 
Aluminium 2763 - 73.083 
1 
5143 1 14.21 
Nylon 66 1133 1.2 1029 1.17 ý 
2.9 1600 81 1.81 
TABLE 5-A. 
5.2-5. Rigid Body Approximation f or Piston Behaviour. 
The error involved in considering the piston as a rigid body was 
determined for the case of both steel and aluminium pistons in the range: 
0.05m. < Piston length < 0.5 
The above experiments were carried out with an exponential nozzle of unity 
length ratio and area ratio of one hundred'. 
was constant at 0.05. 
The piston impact Mach number 
5.3. A Preliminary Study of Impact-ExErtsion. 
In the impact-extrusion process the nozzle is full of water prior to 
piston impact unlike the situation in the impact cumulation process. The 
performance of the two systems was compared for the specific case of an 
exponential nozzle. of unity length ratio and area ratio 100,,, employing a 
0.3m. steel piston. The volume of water was kept constant at a value of 
6.95 x 10-4 m3 and the piston was treated as a rigid body. 
In pulsed jet experimental work by Cooley (32,40) the water packet 
was initially positioned part-way into the nozzle as depicted in fig -( 72 
)- 
This type of system cannot therefore be described as prOducing pure impact- 
cumulation. A limited number of numerical experiments was carried out 
to 
investigate the influence of the initial position of the fluid packet 
within the nozzle. 
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6.1.1. *General Description of 'the Laboratory-Water-Cannon. 
A schematic diagram of the water cannon system developed in the 
prcsent laboratory investigation is shown in Fig. (6.1). The barrel and gas- 
driver-chamber were originally part of a gas gun designed and built at the 
National Physical Laboratory. Both these sections are mounted on trolleys 
which facilitates loading the piston and diaphragm (see fig. (6.1D. The 
gas driver pressure is controlled by careful selection of the diaphragm 
material and thickness (See App. (5)). 
The N. P. L. gas gun was converted into a single-. shot water cannon by 
f itting a piston-velocity module and impact chamber to the barrel as 
i 
depicted in fig. (6.2); the piston-velocity module was essentially an adaptor 
between the barrel and impact chamber. Design details of the various 
components are given in Appendix C6). Spigots in the piston velocity module 
ensure satisfactory alignment of the cannon barrel W4th the former section 
and the impact chamber. The water is contained in a purpose-built cylinder, 
an exploded view of which is illustrated in fig. (6.3). The water is 
retained by thin 'ý4ylar" diaphragms which are in turn secured by screwed 
end caps. (For further details of the Nylar" diaphragm see Appendix (5). ) 
The water container is positioned inside the impact chamber and secured by 
means of the nozzle. '0' rings in the face of the end caps provide a 
vacuum seal in the barrel prior to firing. 
2 
Even though gas driver pressures were limited to approximately 0.45MN m 
(65psi) in the present study the gas driver chamber was pressure-tested 
using oil to 6.9MN/m 
2 (1000psi). During the laboratory experiments compressed 
nitrogen from a standard bottle was used as the dHver gas. 
The water cannon was operated from outside the laboratory to take 
advantage of a blast wall in case of a component 
failure. The position of 
various control, isolating and 
blow-down valves are indicated in fig. (6.1). 
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A regulating valve on the gas bottle limits the maximum operating 
pressure to the desired level and a Bourdon gauge, adjacent to the 
pressure control valve situated on the remote control board indicates 
the gas driver pressure. 
The barrel is evacuated prior to firing in order to maximise the 
piston impact velocity. Isolating valves in the vacuum line protect the 
vacuum pump and gauge from the ef f ects of the gas driver pressure during 
the firing period. 
The high-velocity water jet produced by the cannon is contained by 
the retaining module depictec, ' in fig. (6.5). This vessel serves as a 
storage and energy-dissipation tank and also contains the majority of the 
spray associated with a pulsed jet. 
Description of 'Nozzle. 
The internal prof ile of the- nozzle used in the laboratory experiments 
A is given by: 
-Ir-w ". 4% 
ye 
where y is the inlet radiusq ka constant for a given nozzle and x the 0 
axial co-ordinate. This shape was chosen because it has been previously 
credited with a good performance (153). The dimensions of the nozzle are 
given in Table 
Length (m) 0.1524 
Inlet Diameter 0.0381 
Exit diameter 0.00381 
Area ratio 100 
Length ratio I 
Nozzle constant, k. 15.10883 
Collimator length 0.01143 
TABLE 6.1. 
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The nozzle length. was chosen to be 0.1524m. to give a length ratio 
of unity, i. e. L11 rL 
where L is the length ratio, 1 the water packet length and L the nozzle r 
length. According to the numerical results the latter ratio gives the 
maximum jet velocity for a given shape, area ratio and piston velocity. 
A collimator length of three exit diameters was also included in the 
design in accord with previous pulsed jet nozzle geometries (32,43,45). 
The total length of the nozzle was only 0.1638m. which facilitated handling 
during the experimental procedure. An additional advantage of a small 
nozzle is that it simplifies the design and machining as it can be manuý 
factured from a single bar. 
The method of manufacture was first to machine four conical sections 
to approximate an exponential profile, and then to remove the unwanted 
material, as depicted in f ig. C6.6), by hand f ile. The nozzle prof ile 
was then polished using various grades of emery cloth. To enhance the 
strength of the nozzle, the outside form is not tapered but remains 
parallel as shown in fig. C6.6). This point is of particular inportance 
in pulsed jet work where the maximum nozzle pressure occurs near the exit 
plane (see section 7.1.2). 
Piston Design. 
The piston design used in all the experimental work to date is 
shown in fig. (6.7). It is completely solid with a small 45 
0 chamfer 
I 
around the leading face. Two nylon piston rings were employed for 
sealing purposes. 
6.2. The Measurement of'Fiston Velocity. 
The piston velocity was measured by the interruption of two light- 
beams which initially traversed the tube through sealed glass windows, 
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i 
bef ore entering a pair of high-speed photo-diodes. The latter are 
capable of nanosecond response and were incorporated into a voltage 
comparator circuit. Details of this electronic circuit are given in 
Appendix (4). Two quartz-halogeii lamps, powered by a 12 volt battery 
were used as the independent light sources. The windows were af fixed to 
screw-threaded steel adaptors in a vacuum-tight assembly, and were 
removable in order to allow for cleaning or possible replacement (see 
fig. C6.8)). 
Fig. (6.9) shows a general schematic diagram of the piston velocity 
measurement system. In a typical laboratory test run the output from the 
first diode is used to trigger a Medele-c photographic-memory oscilloscope. 
The second output is then recorded on photographic paper from which the piston 
velocity may be determined knowing the time base of the oscilloscope. 
6.3.: 'Measurement of the*Jet-ReAd Vel6city 
The velocity of the jet in the nozzle exit plane decays rapidly with 
time as shown in fig. (1) (see section (7.1.2)). The purpose of this 
particular study, however, was not to measure the velocity decay, but 
instead, the initial jet-head velocity. For the case of a supersonic jet 
a rapid, decrease in jet-head velocity occurs within a few nozzle diameters 
of the exit plane, as previously discussed in section (1.5). This is 
followed by a more gradual reduction in velocity caused by air drag at long 
stand off distances. Taylor instability may occur which will result in 
another abrupt drop (see fig. 1.4). 
Ideally some form of high-speed photography is required to provide 
accurate measurement of the j et-head velocity, particularly f or the case of 
a supersonic jet. In this particular study such a camera system was not 
available and an alternatiVe method had to be devised. Fortunately, the 
present expermental work was restricted to subsonic jets which do not 
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experience the dramatic velocity. drop aasociated with the cavitation 
phenomenon. In such cases the jet-head velocity at discharge can be 
accurately determined using a photo-diode system. 
A schematic diagram of the j et-velocity sensor is shown in f ig. (6.10). 
Light from a quartz-halogen laiap is focussed on each diode by means of a 
converging lens to produce a higIL-intensity small-diameter, almost parallel 
beam of light. The diode circuit was arranged to act as a photometer, 
(see Appendix (4)) the output, voltage from each diode circuit falling 
abruptly as the jet cut off the light supply. Fig. (6.11) shows a typical 
output from the jet velocity module, indicating the time (L for the 
jet to traverse the two diodes, from which the mean jet velocity can be 
determined. The output signal from each diode is stored independently 
I in a Physical Data Type 515 transient recorder, and displayed on a 
Tektronics oscilloscope. A Bryans Type 25000 x-y plotter is available 
to make a permanent record of the test signals if required. 
6.4. ''Approach to the Measurement'of Nozzle'Pressure. 
Attempts at the CERAC Institute to measure the pressure in the 
nozzle of a water cannon, have proved unsuccessful because of transducer 
failure, even though they were used well below their rated value (45). 
High-pressure piezo-electric transducers rated at 7.5k. bar were used for 
both the above-mentioned and present investigations. It was proposed at 
CERAC that this failure may have been due to the uneven loading of the 
transducer face caused by the passage of the high-velocity, high-pressure 
leading edge of the water packet. No further work has been published to 
date regarding this problem. 
In view of the problems. experienced at CERAC, a preliminary study 
was considered necessary to avoid damage to expensive transducers. 
Daniel (43)2 succeeded in measuring the pressure in a pressure extrusion 
nozzle using an arrangement similar to that shown in fig. (6.12). The long 
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grease-f illed passage may ha, ýe prevented damage to the transducer 
although such an arrangement would probably not accurately measure 
a transient pressure signal. Caution is also required when comparing 
extrusion and cumulation systems since they exhibit different 
characteristics regarding pressure prof ile and history. More appropriate 
to the present study is the work of Cooley (32), who used a rod of neo- 
prene to protect his transducer, when he measured the impact-chamber 
pressure of an impact cumulation device. 
On analysing the available experimental evidence and the 
computational results of the present study it was concluded that 
transducer failure may cccur as a result of one or more of the following 
conditions: - 
(1) uneven loading of the transducer face. 
(2) inertia forces caused by a sudden and large drop in pressure, 
possibly associated with the cavitational phenomena. 
C3) negative pressures generated for brief periods within the nozzle. 
In consultation with the manufacturers of the transducers the above 
possibilities were considered in detail. Their opinion was that the 
transducer failure was unlikely to have been due to uneven loading 
assuming it was used within its design range, but that the most likely 
cause of failure, however, was the sudden and large reduction I-n pressure 
associated with the onset of cavitation within the nozzle. It is also 
possible that negative pressures could be generated in the nozzle for 
brief periods. If this is so, 
. then this may be the cause of failure as 
the transducers used are not designed to take negative pressures. 
In view of the successful work of Cooley and Daniel as described 
above, it was decided to protect the transducer by a disc of grease. 
The problem arises, however, that the greater the protection, the 
larger 
the column of grease required and hence the greater the 
likelihood of 
inaccuracy in the transducer output. To obtain further information 
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regarding the effect of grease on. the transducer output pressure 
Several tests were carried out in whicbL the length of column was varied 
Csee section 6.5.2). On receiving this information, measurements of 
nozzle pressure were carried out see section(6.5.3). 
6.5. Laboratory Experiments. 
The Influence of Piston'Naterial on Performance. 
The object of this test was to determine the effect of certain of 
the piston material properties on the water cannon performance for a 
0.1m. long piston of a given design. Mild steel, aluminium alloy and 
nylon, 66 were chosen as the test materials because of their widely 
different acoustic characteristics. These characteristics are listed 
in Table 6.2.: - 
Material Acoustic 
Velocity-m/s. 
Density 
kg/m3 
Acoustic 
Impedance kg/m3 
Mild Steel 5172 7923 40.98 x 10 
6 
Alum. Alloy 5143, 2763ý . 14.21 x 10 
6 
Nylon 66 1029/1600 11-33 1.17/ x 10 
6 
1.81 x 106 
TABLE 6.2. 
The initial tests were carried out at low jet velocities well below 
100OM/S to ensure that the yield point of the mild steel was not 
exceeded (p n= 
2.6 k. bars). The operating range was gradually extended, 
however, and a few shots slightly above 1000 m/s were completed even 
though the maximum nozzle pressure exceeded the ultimate tensile strength 
of the steel (p n=4.0 
k. bar), for a few microseconds, according to the 
computer calculations. During the test period the condition of the 
nozzle was closely monitored and this monitoring included checks on the 
nozzle profile in order to observe any plastic deformations 
(see App. (7)). 
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6.5.2. The Effect of a Protective Grease Column in Front of the 
Pressure. Transducer Face. 
A test rig was developed to determine the effect of a protective 
grease column adjacent to the pressure transducer face. Two 7.5 k. bar, 
6211 Piezo-Electric transducers, of the type used to measure the nozzle 
pressure, were employed in this test. One transducer was used as a 
control and its face was level with the inside of the pressure chamber; 
the second transducer was placed at various distances from the chamber 
and the intervening space filled with grease (see fig. (6.13)). 
The pressure chamber was filled with oil at 4-6MN/m 
2 
and the transducer 
output was allowed to reach a steady value. A diaphragm was arranged to 
burst under the effect of the latter pressure, which in turn allowed a 
re 3. ef wave to traverse the high pressure oil chamber. The subsequent 
transient pressure signals from both transducers were stored in the transient 
recorder for comparisons later., The effect of using different types of 
grease was also determined. 
6.5.3. Measurement of Nozzle Pres8ure. 
With information gained from tests described in the previous section 
(see section 8.3 for the detailed results), the 7.5 k. bar Piezo-Electric 
transducer was positioned in the nozzle as illustrated in fig. (6.14). 
Using a 0.1m. steel piston the pressure in the nozzle was measured for a 
specific maximum piston velocity of 28 m/s. In a schematic diagram, the 
instrumentation required to measure the nozzle pressure is shown in 
f ig. C6.15) . 
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Numerical Results. 
7.1.1. Fluid Piston Programme Development. 
The validity of the present numerical analysis was assessed by 
comparing it with the earlier work of Glenn (71), for the specific 
case of an exponential nozzle of area ratio 100, length ratio 3.065 and 
an initial fluid Mach number of 0.1. The results from both studies were 
indistinguishable, as can be seen from fig. (1), which depicts the 
velocity history of the front and rear of the water packet. 
It was found that varying the number of zones in the fluid packet had 
little ef f ect on the accuracy of a given solution. Evidence of this is 
given in fig. ( 2 ), where it can be seen that even using 20 zones an error 
in the ! -,. iaximum jet velocity of only 3% exists when compared to the 
results using 60 zones. It was found convenient, however, in terms of 
necessary computer time and the amount of detail required. to use 40 zones 
for the majority of the calculations involving fluid pistons. 
As no strong shock waves were developed in the f luid-piston cumulation 
process, artificial viscosity played a relatively minor role (see later 
work involving solid pistons) - The programme could run without the 
k 
inclusion of the artificial viscosity formulation, but only at the expense 
of non-physical oscillations of pressure and velocity occurring between 
, neighbouring zones. 
Increasing the value of the artificial viscosity 
damped the oscillations but not completely. (See App. (2) for value of 
coefficients used in the artificial viscosity formulation). Attempts to 
reduce the oscillations further by using larger values of artificial viscosity 
resulted in the computer programme becoming unstable. 
The maximum value of time step used was restricted by the Courant 
stability factor (see section 4.1.2). Generally speaking the lower the 
number of zones, the greater the zone width and the greater the permissible 
tl. Me step. In the present study a time step of one microsecond was found 
most convenient. 
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Salient Features of the Flow Process. 
An interesting feature of the unsteady flow process is that super- 
sonic velocities can be attained in convergent nozzles in contrast with 
steady flow. It can be seen, wit'i the aid of fig. ( that the maximum 
velocity of the front of the water packet occurs at the instant of discharge; 
the value of velocity at the nozzle exit plane then rapidly decays with 
respect to time. This rapid velocity decay is an important feature of the 
cumulation flow process and will be discussed in more detail in section 
(7.1.3). It can be seen that the rear of the water packet gradually slows 
down to eventually attain a negative velocity, even though the velocity at 
the nozzle exit plane may be several hundreds of metres per second 
(see figs. (1) and '(3). As a consequence of this process an extensive 
zone of cavitation may exist within the water packet as depicted in 
fig- ( 
A further feature of interest of the unsteady flow process is that 
the maximum pressure for any given period is located towards the front 
of the water packet as depicted in fig. ( 5 ). It can be seen that a 
steep pressure gradient rapidly builds up in the region of the leading 
edge. The maximum pressure eventually developed within the nozzle occurs 
several microseconds after discharge in a region close to the nozzle exit 
plane (see figs. (5) and (. 6 ')). 
Influence of Nozzle Geometry and Initial Fluid Piston Mach 
Number on Performance. 
In the case of an exponential nozzle the distribution of non-dimensional 
velocity as a function of dimensionless axial distance at the instant the 
leading f ace of the j et emerges f rom the nozz le is depicted in f ig -C7)- 
The variation of dimensionless-nozzle exit velocity with dimensionless time 
is shown in f ig. (8). The combinations of f igs. (7) and (8) illustrate 
the association between axial velocity gradient at the instant the jet head 
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emerges, and the subsequent decay of velocity at the exit. The longer 
the nozzle, the lower the spatial rate of change of velocity and the 
lower the temporal rate of decay of exit velocity. 
The influence of the ratio of the length of nozzle to the length of 
water packet (L was examined further for the specific case of an r 
exponential nozzle of area ratio 100 and initial f luid piston Mach number 
Cm VC of 0.1. It was found that the maximum pressure developed 
0 
within the nozzle decays with increasing length ratio as depicted in 
f ig. (9). The maximum jet velocity is constant up to a length ratio of 
unity but then decays as sho-m in fig. ( 10). Despite the decline in 
maximum velocity, the stagnation impulse value can actually increase as the 
nozzle is lengthened (see fig. ( 11 ). This arises as a consequence of the 
enhanced useful running times which results from the reduction in the rate 
of decay of velocity at the nozzle exit plane. The useful running time is 
defined as the period during which the jet stagnation pressure exceeds a 
prescribed threshold value (see section 4.8). 
i 
For a threshold velocity of 1300 m/s the maximum stagnation impulse 
occurs at a length ratio of 3. Further increases in length ratio bring 
about sufficient diminution in velocity levels to outweigh the benefits 
of diminishing decay rate. For a lower threshold velocity. of 625 m/s ., 
however, in contrast, the stagnation impulse continues to increase 
progressi . vely over the range of length ratios covered. In view of the 
importance of threshold level it follows that a careful selection of length 
ratio to optimise the impulse for a given target material could prove 
beneficial. 
Increasing the length ratio, by decreasing the fluid piston length, 
results in a decrease in stagnation impulse as shown 'in fig. ( 12 ); 
the value of stagnation impulse is directly proportional to the initial 
length of the fluid piston. It. i's clear from this finding that the longer 
the water packet the greater the system performance. 
0 
The effect of initial fluid packet velocity, expressed as a Mach number, 
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on the performance of an exponential nozzle of unity length ratio, is 
shown in f igs. ( 13 14. ) and 15 Two curves are drawn, one 
representing area ratio 100 and the other an area ratio of 25. The 
enhancement of jet velocity is readily apparent. Also in evidence is 
the prodigious internal pressurisation which can accompany substantial 
increases in inlet velocity; the ultimate tensile stress of maraging 
steel is included on the graph as a salutary reminder of the limitations 
imposed on nozzle performance by material strength. 
Figs. ( 16 )( 17') and ( 18 ) illustrate the ef f ect of area-ratio 
on the performance of the same nozzle for an initial fluid Mach number of 
Enhancement in performance is obtainable by inureasing the area 
ratio as was also found above. 
Figs. ( 14 ) and ( 15 -) show that for a given length ratio and 
maximum permissible nozzle pressure an increase in stagnation impulse can 
be attained by increasing the initial fluid packet velocity while 
decreasing the area ratio. Naturally, increases in the-initial Mach number 
call for an increased energy input. Increases in the area ratio, however, 
have an added penalty in that, for a given inlet diameter, the initial jet 
diameter diminishes. The overalleffect, as shown by the "reduced area" 
curve in fig. (*17 ), is to decrease the total impulse imparted by the 
nozzle when compared with that emerging at an area ratio of 100. A further 
consequence of a reduction in jet diameter is a reduction in the transit 
time of the'relief' water-hammer wave across the jet head immediately 
following the initial impact with a consequent loss of water-ha=er impulse 
(see section 1. 
A lar ger diameter jet can have an advantage when used on a target- 
that is composed of hard particles embedded in a softer material, for 
example, concrete with an aggregate of hard stones 
(see fig. (7.1)). 
Clearly the larger jet can remove the softer material that surrounds the 
hard particles, unlike a smaller jet. 
1 
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The useof increased area ratios for a given length ratio in the 
search for enhanced nozzle performance would appear, in overall terms, 
less attractive than the use of increased initial water packet velocities. 
The effect on the performance, of varying both length and area 
ratio for an initial fluid packet Mach number of 0.3, is shown in fig. (19 ). 
For a given maximum pressure a combination of a long nozzle and high area - 
ratio apparently out-performs a nozzle of low area ratio, regardless of its 
length. When graphs of reduced stagnation impulse are plotted, however, as 
in fig. ( 20 ), the reverse is true, with nozzles having a relative low area 
ratio giving a superior performance. It is difficult to assess the merit 
of any of the above combinations of area and length ratio for a given piston 
velocity purely on the available numerical data. An experimental investigation 
is essentially required to determine the effect on specific target materials 
of a given combination of nozzle length and area ratio. 
A further point of note is that the length of the nozzle may be 
restricted by practical restraints and ease of manufacture, maintenance and 
operation may make a short nozzle more attractive. 
The influence of collimator length on nozzle performance is depicted 
in fig. ( 21 For the case of an exponential nozzle, length ratio of 
two, area ratio of 100 and initial fluicT packet Mach number of 0.1, 
increasing the collimator length to a value equal to 1.5 nozzle exit 
diameters results in an increase in jet velocity. This relatively small 
rise in velocity compared to a nozzle with no collimator 
(= 6%'change) 
results as a consequence of the initially high static head component 
being 
converted into a kinetic head. It is possible to 
"tune" the collimator 
length to cause the pressure at the nozzle exit plane, at the 
instant of 
discharge, to be atmospheric, as shown in fig. ( 22 ). This 
initially 
appears attractive because the latter condition would avoid 
the over 
expansion and cavitational losses normally associated with a supersonic 
Ing the et. It can also be sben from fig. 
( 22 ), however, that increas. ' 
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co limator length above one nozzle exit diameter causes a dramatic 
drop in stagnation impulse even though the maximum jet velocity is 
increasing. This drop occurs because according to the numerical results 
a region of cavitation develops within the collimator. 
Before entering the cylindrical collimator compression waves are 
transmitted from the corners as depicted in fig. (7.2), - but on entering 
the collimator only rarefaction waves are transmitted and these result 
I in a drop in pressure and eventually the formation of regions of 
cavitation. When a region of cavitation reaches the nozzle exit plane 
this is considered to terminate the useful part of the flow and the 
calculations of stagnation impulse are suspended. If the pressure 
becomes positive later, however, then the calculations of stagnation 
impulse are resumed until further cavitation oc, 2urs or the threshold 
velocity is reached. Fig. ( 22 ) also shows that the length of the 
collimator does not affect the value of maximum nozzle pressure. This 
is to be expected for the case of supersonic jets where pressure 
I 
disturbances at the jet head cannot be propagated back along the nozzle. 
From the available numerical results the inclusion of a collimator 
would not appear attractive. Nevertheless an experimental study of the 
influence of a collimator could prove valuable. 
The influence of nozzle shape on performance was initially 
investigated for the three profiles described below, namely: 
k-W 
Type A: Exponential, y=y0eLr=1 
-4 Type B: Polynomial, y=k1x+k2Ar= 100 
Type C: Straight Taper y= mx +cI Nozzle length = 0.1524m. 
The above shapes were selected so as to produce opposing character- 
istics of area distribution as shown in figs. ( 23 ) and (27 ). Type B 
nozzles have a large. relative rate of change of . area near the 
inlet which 
diminishes progressively with distance downstream. The converse is true 
for nozzles of Type C while the exponential, Type A gives a 
fixed value 
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I of relative rate of change of area throughout. 
From figs. ( 23 
. '. 
) and ( 24 an association is apparent between 
the magnitude of the relative rate of change of area near the 
nozzle exit and the axial velocity-gradient in this region. For curves C, 
rapid rate of rise of velocity accompanies the steep area gradient close 
to the nozzle, exit; for case B the situation is reversed and case A gives 
intermediate results on both counts. 
The indications from figs. ( 23 ) and C 24 ) in relation to exit 
velocity decay being reduced when the axial velocity gradient diminishes 
are confirmed by figs. ( 25 ) and ( 26 ). Case C with the most abrupt rise 
in velocity near the exit shows the most rapid decay; case B with the 
most gradual velocity rise gives the least rapid decay and case A is again 
intermediate. Although the maximum velocity for the almost linear case B 
is the lowest of the three it has a relatively high value of stagnation impulse 
by virtue of a diminished velocity decay rate. 
Table 7.1. shows that the straight taper produced the greatest maximura 
internal pressurisation, while type B produced the least. 
Nozzle Shape Max. Vel. 
I 
Max. Press. 
1 
Stagnation Impulse Vt=625m/s 
M/S k. bar Ns/m2 x 104 
Straight Taper 2260 17.0 5.6 
Exponential 2212 12.6 8.5 
-4 y=k1x +k 2 2063 5.9 
8.2 
TABLE 7.1. : Nozzle length 0.1524m., Ar =100, M =0.1 
Further studies included investigating nozzles with profiles given by 
a family of Polynomial curves as depicted in fig. (28 
general expression: 
xk 
For -6 <n4 
given by the 
where k1 and k2 are constants for a given 
length and area ratio. Fig. ( 29) , 
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shows the variation in non-dimensional water packet leading edge 
velocity as a function of dimensionless axial distance. It can be 
seen that when n is positive as in the ca--e of a simple taper (n=l), 
the leading edge velocity- rises abkuptly near the nozzle exit. It is 
possi e by varying the value of negative, n, to obtain an almost linear 
relationship between leading edge velocity and distance. It is of 
interest that the value of n that g1v linear relationship also ' es the 
results in the maximum, stagnation ijapul se as shown in fig. ( 30 Nozzles 
of higher negative values of n have progressively lower values of stagnation 
ulse because regions of cavitation develop in the vicinity of the nozzle 
exi, t plane, *ending the effective life of the jet. Of great practical 
significance is that as n becomes more negative, the value of maximum 
pressure developeýi within the nozzle declines as shown in fig. ( 31 ). 
A similar investigation was carried out on both a family of 
exponential curves given by: 
Ge3 
and also on a family of hyperbolic curves given by: 
I 
y --ý yIH 01+ (A 11 2 2r 
It was found that by varying the coefficients in the above functions 
an optimum profile could be determined as in the previous work involving 
polynomial nozzles (see figs. (32), (33), and (34)). The shape that gave 
an approximately linear relationship between leading edge velocity and 
distance invariably gave the optimum performance. The latter curves were 
also characterised by having a large relative rate of change of area near 
the nozzle inlet which diminishes progressively with distance downstream. 
The optimum curves determined for each given mathematical function, whether 
exponential, polynomial or hyperbolic, were very similar and 
it can be 
seen from figs. ( 30 )( 32 )( 33 ) that no large variation 
in perf ormance 
arises. The hyperbolic nozzle, however, can be seen to 
have a value of 
stagnation impulse approximately Y1 greater than that attained 
by the 
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: other nozzles. 
Another important relationship is the ratio of maximum static 
pressure developed in the nozzle to the maximum jet stagnation pressure, 
as depicted in fig. ( 34 Again for a favourable ratio the curve 
should have a large relative rate of change of area near the nozzle 
inlet. 
Solid-Piston Programme Development. 
Numerical instability problems were initially encountered when the 
f luid piston programme was extended to handle solid pistons. It was 
th, ought, that this was caused by the inability of the code to cope with 
shock waves generated in the piston-water impact process. It was found 
that the instability resulted as an error in the calculation of momentum 
cell density when a very low density cavitated cell developed adjacent to 
a high density cell. This problem was overcome, however, by using 
equation (9a) rather than equation C9b) in Appendix (2) 'If the above 
condition occurred. 
Computer calculations showed that large-amplitude non-physical 
oscillations of pressure and velocity developed in the flow behind the 
incident shock wave. To examine this process in detail a test programme 
was developed which modelled the impact of a piston on a packet of water 
contained in a tube of constant cross-sectional area. This enabled the 
numerical work to be compared with the one dimensional theory discussed 
in section (2.2). Fig. ( 35 ) shows the ef . fect of varying the magnitude 
of the artificial Viscosity for an initial impact Mach number of 0.1. 
It was possible to obtain an output from the programme even when no 
artificial viscosity was included, but only at the expense of pronounced 
spurious oscillations mentioned above. Progressively increasing the 
value of artificial. viscosity reduced the oscillations but they remained 
noticeable even then. Attempts to 
increase the damping of the oscillations 
by using even higher values of artificial viscosity resulted 
in numerical 
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instability. The oscillations were most significant in the viciniiy 
of the head of the shock. although, they rapidly died down, as shown 
in fig. ( 36 ). The pressure profile at microsecond timing intervals 
is depicted in f ig. ( 38 ), and this shows the oscillation in individual 
zones at successive calculations. 
The influence of varying the number of zones on the magnitude of 
grid oscillations is depicted in fig. (. 37 ). The oscillations are 
slightly reduced in the vicinity of the head of the shock but increased 
in the remaining elements when the zone width is increased by decreasing 
the number of zones. It was found, that a larger value of artificial 
viscosity could be used in larger cells and that this slightly improved 
the damping of the oscillations. Fig. ( 37 ), however, shows that with a 
coarser grid mesh the shock front is spread over a larger region. 
It was found that the damping could also be improved, to a small extent, 
by increasing the artificial viscosity, while simultaneously decreasing the 
tixýe step, as is depicted in fig. ( 42 ). The advantage, if any, gained in 
the f orm of slightly increased damping must, however, be balanced against 
the disadvantage of the additional computer time associated with a smaller 
time step. 
Figs. ( 39 ) and ( 40 ) show- that neither significant variations in 
the relative magnitudes of the coefficients in the original artificial 
viscosity formulation nor the addition of a linear tem led to any 
i 
noticeable improvement in the damping of oscillations. Similarly, it can 
be seen from figs. (43,44 and 45 ) that no significant reduction in grid 
oscillation could be obtained using the various artificial viscosity 
expressions previously described in section (5.2). 
It was found, during the above tests, that the mean shock pressure 
for a given particle velocity could be determined within 2% using 
Heymann's empirical impact pressure relationship (see section (4.8)). 
It was therefore possible to calculate the pressure level associated 
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with a given shock and to use these values as the input boundary 
conditions of the computer programme. In this way the numerical calculations 
were initiated when the shock reached the front of the water packet (see 
section (4.8.3). This approach clearly rem ves all oscillations 
associated with the passage of the initial shock wave, as is illustrated 
by fig. (7.3). 
It was noticed, using both the methods described above, that as the 
shock wave was reflected as a rarefaction wave, the leading grid attained 
a velocity slightly greater than theoretically predicted, causing the 
cell density to fall below the correct pressure of 1 atmosphere. Some 
oscillation of grid velocity is to be expected, particularly in connection 
i 
with the initially abrupt pressure change across the leading cell 
associated with the second method mentioned above. The cavitational model, 
however, does not allow the cell to attain a negative pressure and this 
prevents the leading cell stabilising at the correct pressure, as is 
depicted in fig. (7-4). 
A novel artificial viscosity formulation was developed to be applied 
only to the leading grid element until the leading cell pressure dropped 
to zero, namely: 
nn 
x 
AV, ýMý K a- -pimax 
C7.1) 
where AV is the additional artificial viscosity, Ka negative constant, 
P the pressure in the leading cell and P the atmospheric pressure. Kmax 0 
Equation (7.1) is added to the normal artificial viscosity formulation 
which reduces the effective pressure of the leading cell. The quadratic 
term makes the formulation more effective when a large pressure difference 
exists across the leading momentum zone. It was found that a reduction 
in velocity overshoot could be achieved although it could not 
be completely 
09 removed. Using a coefficient of value - 3.4 x 10 , for example, the 
initial overshoot could be reduced from 5% to 3% for the case of an 
initial 
impact Mach number of 0.1. 
125. 
S 
dý-% 
Co 
>-4 
E-4 
0-% 
Co 
1ý 
Fig. (7.3): Impact Boundary Conditions using 
Impact Model (2). 
NUMBER OF ZONES iI 
max 
K 
NUMBER OF ZONES max 
126. 
]PRESSURE P 
0 
RESULTS GIVEN BY PRESENT 
NUMERICAL WORK. 
I' 
P 
0, 
8 
I Atmo s. 
RESULTS GIVIN IF NEGATIVE PRESSURES 
ARE ALLOWED TO DEVELOP. 
Fig. (7.4) 
127. 
It was found, however, that the above artificial viscosity formulation, 
when applied to the impact cumulation programme had a negligible effect on 
the maximum value of jet velocity. In retrospect, this f inding was to be 
expected; for an impact Mach number of 0.1, for example, the percentage 
error in leading cell pressure due to the initial velocity overshoot is 
4x 10-9%. The leading cell artificial viscosity formulation may have an 
application in, for example2 constant cross-sectional area pipelines but 
is unnecessary in the present impact cumulation study. 
The procedure of starting the numerical calculations when the shock 
reached the front of the water packet was compared to the original approach 
which had been subject to the noticeable oscillations of neighbouring zone 
values of pressure and velocity. It was found from this that there was 
a discrepancy of less than 1% between the two computed values of the maximum 
jet velocity. The initial oscillations associated with the passage of the 
incident shock wave would, therefore, appear to have a negligible effect 
on the flow process in the nozzle. This is no doubt due to the rapid decline 
of the shock-induced oscillations which occurs. 
7.2.2. Comparison Between the 1"resent Numerical Results and Experimental 
Results f rom CERAC. 
The results of the present numerical study involving solid pistons 
was compared with some of the available published experimental results from 
CERAC (9). It can be seen from fig. ( 46 ) that very good correlation 
exists between the present numerical work and the CERAC experimental results. 
The noticeable scatter of the experimental results is similar to that 
experienced by Cooley (32,40) and was also observed in the present 
experimental study. The fluctuation in maximum jet velocity was thought 
previously to be due either to variation 
in the tensile strength of water (40) 
or to partial blockage of the nozzle 
by fragments of diaphragm (9). These 
possibilities will be discussed 
further in section 7.2.3. & 8.1.1; respectively. 
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7.2-3. The Influence of the Tensile Strength of Water on Performance. 
Cooley (40) proposed that variations in the tensile strength of the 
water could influence the value of maximum jet velocity attained by an 
impact cumulation device. It has been discussed previously in section 
(3.2.1), that water can rupture at a wide range of pressures, from values 
slightly above the local saturation vapour pressures to negative pressures 
of large magnitude. Fig. ( 47 ) shows the effects of varying the tensile 
strength of water on the pressure profile, 196ps after impact, for an 
exponential nozzle of length ratio two, area ratio one hundred, initial 
piston Mach number of 0.05 and utilising a steel piston 0.3m. long. 
three pressure profiles relate to specific tensile strengths of the 
water, given by: - 
(a) -132NM/m 
2, 
th-coretically predicted by Fisher (63), 
03) -27. TM/m 
2, 
experimentally determined by Briggs (17), 
The 
(c) zero týansile strength, normally associated with industrially clean 
water (125). 
Fig. ( 47), shows that the pressure profiles for cases a and b 
are very similar, with the majority of the water packet experiencing I. arge 
negative pressures with only a small positive pressure region near the 
leading edge. If these cases (a and b) are then compared with case c, which. 
has no tensile strength, then it can be seen that a significant difference 
in pressure profile occurs. The pressure profiles of all three cases, a, b 
and c, at the instant of discharge, however, exhibit a similar form (-see 
fig. ( 48 ). For a major period of the cavitational zero-pressure phase of 
case c, case b is also at a state of zero pressure because its limiting 
2 
negative pressure of -27.7NN/m is exceeded early on in the flow process. 
2 
Case a. with a tensile strength of -132NN/m has a slightly different 
profile with a lower maximum pressure and more pronounced oscillations. 
The fourth pressure profile, case d, is that given by an infinite tensile 
strength. Again the pressure profile is similar to the earlier examples 
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although the rear of the water packet is seen to exhibit a slightly 
higher pressure. 
The largest value of tensile strength for pure water, experimentally 
obtained, is -27.7MN/m2 - Table (1) shows that less than a 1% error in 
velocity results as a consequence of varying the tensile strength of water 
f rom 0 to -2 7.7MN /m 
2. 
The theoretical value of -132M/m 
2 (Fisher) 
results in a 9% error in velocity, while an infinite tensile strength 
results in an 11% error. 
If water is not pure, i. e. it contains small particles and 
undissolved air, it is extremely unlikely that negative pressures of any 
magnitude will be generated (see section 3.2.2). It is possible, however, 
that the high pressures,, generated during the flow process, may dissolve 
previously undissolved gases and that this may permit negative pressures 
to be generated. It is also possible, in view. of the scale of the flow 
process that large negative pressures could be generated for brief periods, 
irrespective of the initial fluid purity. It would appear, from the 
available results, however, that even if negative pressures are generated 
they must be of large magnitude and extended duration to have any significant 
effect. 
7.2.4. The Influence on Maximum Jet Velocity of Gag Ptessure Behind the 
- Piston. 
The numerical work to date has employed a one atmosphere boundary 
condition behind the piston. For a given maximum piston velocity, the 
gas pressure behind the piston will depend on the design of the water 
cannon. Fig. ( 49 ) shows that the pressure behind the piston has a 
negligible effect on the maximum Jet velocity, and value of stagnation 
impulse over the range considered. The piston was assumed to accelerate 
under the influence of a constant force. In the present context this 
latter simplification would appear justifiable. 
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In the above test a pressure of 1.2 k. bar is generated in the 
water as a result of the impact. Now if a 0.3m. steel piston was 
accelerated from rest along a 1.3m. barrel, under the influence of a 
constant driving force, it would require a gas pressure of 5MN/m 
2 
to 
attain the above impact pressure. (The barrel length in the present study 
is 1.3m). The latter value of gas pressure is only 3% of the generated 
impact pressure and this partially explains why there is no significant 
change in maximum jet velocity with different values of gas pressure 
behind the piston. An additional reason is that when the first rarefaction 
wave in the water reaches the interface, the water becomes detached from 
the piston. Further impacts between piston and water will occur at a later 
I 
s -ge in the flow process but they have a negligible influence on the t. 
maximum jet velocity in nozzles investigated to date. 
7.2.5. *The Influence of Piston Length and Material *Properties on Performance. 
Fig. ( 50 ) shows the influence of piston length on maximum jet 
velocity for the case of a 0.1524m water packet and an exponential nazzle 
with length ratio of unity, area ratio 100 and an initial impact Mach number 
of 0.05. Increasing the length of a steel piston from 0.05m. to approximately 
0.2m. results in a gradual increase in maximum jet velocity. The value of 
maximum jet velocitY remains almost constant, however, for piston lengths 
greater than 0.2m., at a level that would be attained by a fluid piston 
of identical impact Mach number. The approximately constant velocity part 
of the latter relationship will be referred to as the plateau region. 
Figs. ( 52. ) and ( 53 ) show the influence of length on performance 
for a nylon piston. Two curves are presented, one representing a 
lower limit 
of wave speed of. 1029 m/s and the second an upper limit of 
1600 m/s 
For a piston length greater than approximately 0.16m. the performance using 
both. wave speeds is identical. A noticeable discrepancy occurs, 
however, 
for a shorter piston, for example the error 
in maximum jet velocity for a 
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piston length of 0.1m. is 13%. The rate of decline in jet velocity 
associated with shorter pistons is more noticeable with nylon than with 
steel because of the significantly lower value of acoustic impeclance. 
The acoustic impedance of nylon is similar to that of water, but that of 
steel is almost 30 times greater. 
Fig. ( 51 ) shows the ef f ect of varying the length of an aluminium 
piston which has an acoustic impedance approximately ten times that of 
water. It can be seen that the rate of decline in jet velocity with 
decreasing piston length lies between the curves for nylon and steel, as 
'would be expected. 
Good practice, therefore, when designing an impact cumulation device, 
would be to select the piston length so that the maximum jet velocity lies 
in the plateau region. If this is the case the maximum j et velocity attained 
using different piston materials will be identical. 
Figs. ( 54 )( 55') and ( 56 ) show the value of maximum jet velocity, 
maximum nozzle pressure and stagnation impulse, obtained by the use of a 
0.1m. nylon piston assuming a wave speed of 1029 m/s . for a range of 
impact Mach numbers. The perf omance is slightly lower than that attained 
by a comparable fluid piston but otherwise the characteristics are almost 
identical. Considering the value of wave speed in both media this is to be 
expected because the impact velocity is maintained at the interface almost 
until the arrival of the first water rarefaction wave. 
Fig. ( 58 ) shows the effect on maximum jet velocity of employing 
different materials in a 0.1m. piston. It can be seen that a nylon piston 
gives the highest maximum jet velocity for a given impact Mach number, closely 
followed by steel and finally aluminium. The superior performance of the 
nylon piston is to be expected because the piston-water interface, impact 
velocity is maintained for a longer period, whereas multiple wave reflections 
occur within the aluminium and steel pistons, the arrival of each wave at 
the interface resulting in a drop in velocity. The acoustic impedance of 
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steel is high and therefore the reduction in velocity with the arrival 
of each successive wave is small. Aluminium, however, has a lower value of 
acoustic impedance which results in a greater drop in interface velocity 
and hence performance. 
The influence of piston material on maximum jet velocity for a given 
driver pressure is depicted in f ig. ( 59 ). The barrel length and the volume 
of the gas driver chamber were considered to be the same as those of the 
laboratory water cannon used in the present study namely 1.3m. and 0.01308m 
3 
respectively. For the case of a steady expansion the behaviour of the 
aluminium. and nylon pistons is almost identical. The steel piston, however, 
requires a significantly higher driver gas pressure as a consequence of its 
relatively high density. 
Fig. ( 57 ) shows the effect of varying the wave velocity of steel by 
This is the percentage change in velocity between a P-type body wave 
and a one dimensional longitudinal wave. If a piston has its diameter 
constrained then a disturbance will be transmitted at the P-wave velocity 
('See 4.8.1). It can be seen that there is a negligible effect on the 
maximum jet velocity attained. If the acoustic velocity is increased, the 
period for which the interface i's maintained at the original impact velocity 
is clearly reduced. The drop in velocity associated with each reflected wave 
reaching the interface is also reduced, however, because of the gain in 
acoustic impedance. Varying the wave velocity in a material of low 
acoustic impedance, for example nylon, q has a more noticeable effect, as is 
depicted in fig. ( 54 ). 
Fig. ( 50 ) shows the effect on maximum jet velocity of treating a 
steel piston as a rigid body. In this approach the piston-water interface 
velocity is determined at each time step of the numerical calculations by 
applying Newton's second law of motion across the piston which is considered 
to be a point mass. The maximum error in jet velocity is only about 4% 
0 
and this indicates that the rigid-body analysis is permissible for materials 
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of high acoustic impedance. Similar results were obtained for an 
aluminium piston as depicted in f ig. ( 51 ). Figs. ( 60 )( 61 ) and ( 62 
show the difference in interface velocity using the above two theories for 
the cases of aluminium, steel and hylon, 0.1m. length, pistons respectively. 
It can be seen that the rigid-body approach is satisfactory for aluminium 
and steel pistons but not for nylon where significant errors could res-, -lt 
from its use. 
Fig. ( 62 ) illustrates that virtually all the kinetic energy of a 
0.1m. nylon piston striking a stationary 0.1524m. water packet is transferred 
to the water before the onset of cavitation. This is not the case, however, 
for aluminium and steel pistons of the same length which still contain a 
considerable portion of the original kinetic energy at the onset of 
cavitation, as is depicted in figs ( 60 and .( 61 
An interesting feature of the impact -cumul at ion process is that a 
region of cavitation can exist in front of the piston for a significant 
period as depicted in f ig ( 63 ). The rear of the water packet eventually 
slows down, allowing a second piston-water impact to occur. The pressure 
rise generated in the water during this phase results in the piston slowing 
down until it may eventually attain a negative velocity, as shown in 
fig. ( 63 It can also be seen that the piston stops clear of the nozzle 
entrance. The possible damage avoided by this occurrence i's clearly of great 
practical significance. 
The velocity history for the combination of an exponential nozzle of 
length. ratio 2.0, area ratio 100, with a 0.5m. steel piston of impact Mach 
number 0.05 is depicted in fig. (_ 64. ). Over the first millisecond before 
the second impact the velocity history corresponds to those produced by 
either fluid or nylon pistons. Approximately 300ps. after the second 
impact, however, the jet velocity dramatically increases and then oscillates 
in a complicated fashion with. respect to time but 
is maintained for a 
significant period at a relatively high 
level, compared for example with 
atypical threshold velocity of 625 m/s 
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Only a small portion of the original kinetic energy of the 0.5m. 
steel piston is transferred to the water on the first impact. The 
majority of the remaining energy is transferred to the water after the 
second impact as the piston slows down to eventually attain a negative 
velocity. It is of interest to note that this second impact is basically 
an impact-extrusion process since the nozzle is full of water at this time. 
Regions of cavitation would periodically reach the nozzle exit plane as 
indicated in fig. ( 64 ), which implies that the jet is broken up into 
individual slugs. This may prove to be of advantage, in view of the large 
water-hammer pressures that may be generated, at the target, with the impact 
of each. slug in turn. It is also possible, however, that if the secondary 
slugs have a greater velocity they may lose kinetic energy by colliding with 
slower moving sections of the jet. Similarly, if the jet velocity is 
progressively increased, for example during the period between 1320ps to 
1380ps, the faster jet has to "plough, " through the slower path of the jet 
preceding it. This latter occurrence will clearly reduce the velocity of 
the faster jet and may even initiate jet instability. 
It is clear that a gain in stagnation impulse should result as a 
consequence of the second impact of the piston on the water packet. The 
resultant increase in performance, indicated in the numerical results, is, 
gained, howcver, only at the expense of extremely high pressures generated 
within the nozzle over an extended period (see fig. ( 65 )). The perform- 
ance of a given system will therefore clearly be limited by the maximum 
pressure that the nozzle can safely withstand. 
7.3. Impact Extrusion. 
Fig. ( 66 ) shows the jet velocity history for the combination of an 
0 exponential nozzle, with a length ratio of unity, area ratio of 100, and 
0.3m. steel piston. The maximum jet velocity occurs approximately 
40pa. 
135. 
after impact of the piston on the water packet and that this velocity 
then declines rapidly. About 230ps. after impact, however, the jet 
velocity rises steeply to attain a value almost equal to the earlier 
maximum value. The jet velocity is maintained at a h--'Zh level for an 
extended period although some fluctuations in its value are present. 
The fluctuations may, in part, be numerical but this hypothesis is 
difficult to investigate in view of the complexity of the flow process. 
The velocity profile shortly before discharge is depicted in fig. 
( 68 ), which shows a dramatic increase in velocity close to the nozzle 
exit plane. It can also be seen that the fluid velocity attains almost 
a zero value in the vicinity of the nozzle entrance. The pressure at 
the same time period gradually increases with distance from the piston, but 
toward the end of the nozzle the pressure rises abruptly to a peak value 
as shown in fig-( 67 )- 
Fig. C 67 ) shows that the maximum pressure developed in the nozzle 
occurs shortly after discharge. This is followed by a rapid decay and then 
a more gradual rise and fall of pressure. 
The pressure developed in the latter stages of the flow process is 
approximately one third of the maximum value. In addition, the maximum 
value of pressure attained during the above mentioned impact extrusion 
phase i's almost three times greater than that attained by a fluid piston, 
of identical impact Mach number, in combination with an impact cumulation 
arrangement. In addition, the maximum velocity of an impact cumulation 
system employing a fluid piston is approximately twice that of the above 
pressure extrusion arrangement. Nevertheless, the velocity of the 
latter 
system is maintained for a significantly longer period 
(see figs. ( 66 ) and 
70 It is, therefore, difficult to compare the performance of the above 
two systems purely on the evidence of the numerical results; experimental 
studies on specific target materials are essentially required. 
The extremely 
large pressures generated in both systems, 
but in particular in the impact 
136. 
cumulation arrangement, are clearly a limiting design factor when comparing 
their performances. 
7.4. Voitsekhovsky's Design Principle. 
Table 7.2 gives the length of piston for aluminium, steel and nylon 
required to give a mass of 0.15089Kg. This mass, according to Voitse! ý: hovsky 
design principle (153), gives the optimum performance for a 0.1524m. 
exponential nozzle of area ratio 100. It is difficult to reconcile the 
f indings of f igs ( 50 )( 51 -) And 
( 52 ), however, with this assertion. 
According to VoitsekhQvsky the pressure in the impact chamber should 
rise rapidly to a maximum value and then be maintained. With the basic 
impact cumulation arrangement depicted in fig. ( 71 ), however, a region of 
cavitation eventually develops between the piston and the water, Voitsekhový; ky 
treated the piston as a point mass and the water as incompressible, in his 
analysis and this may explain the discrepancy in the above results. It would 
appear from the present study that length ratios between piston, water packet,, 
and nozzle together with compressibility effects must be included for a 
valid analysis. 
Investigations in the present numerical study, which involved the water 
-'n the nozzle prior to impact, packet being placed in different positions . 
have shown that cavitation can by this means be avoided ('see fig. ( 72 
4 This allows the piston to remain in contact with the water for an extended 
period, which leads to a superior performance of the system. This preliminary 
study strongly indicates that the shape of the water packet and its initial 
position relative to the nozzle may have a significant effect on performance 
of the water cannon. 
Material Length 
Steel . 00418 
Aluminium .. 0170 
Nylon(-C 
0 =1029) . 
0292 
TABL E 7.2. 
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Experimental Results. 
8.1.1. Piston Velocity Measurement Data. 
It was found that the piston velocity measuring system was both 
reliable and satisfactory. Figs. (74) ( 75 ) and ( 76 ) show the 
relationship between maximum piston velocity and gas driver pressure 
for steel, aluminium and nylon pistons of 0.1 metres in length. Good 
correlation exists between the experimental results and the theory, 
assuming a steady expression. The latter theory appears realistic in 
I 
view of the multiple wave ref lect: L'. ons that occur between the rear of the 
piston and the gas driver chamber end plate, particularly for the case of 
the relatively heavy steel piston. Fewer reflections occur with the 
lighter nylon piston, and therefore the true expansion will not be 
strictly steady or unsteady but be somewhere in between. It can be seen 
from fig. ( 76), however, that the discrepancy between the above two 
I idealised theories is almost negligible given the dimensions of the 
water-cannon used in the present study. 
The Bourdon gauge used to measure the gas driver pressure was 
Situated remotely from the water cannon and this may explain some of the 
scatter of the experimental results. The lower values of velocity 
attained experimentally may be due, largely to the friction between the 
nylon piston rings and the barrel walls, and thi's was neglected in the 
present analysis. 
8.2. Jet Velocity'Measurement Data. 
It was f ound that the j et velocity measuring system provided a 
simple and satisfactory method of determining the mean jet head velocity. 
Occasionally, however, the measuring system failed to record the change 
in output from the photo diodes (see 6-3). This may have been due to a 
poorly defined jet head which. caused a failure in the triggering system. 
On other occasions the output from each diode did not drop abruptly as 
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the jet head cut off the light supply, as depicted in fig. (77) 
It can be seen that it is difficult to determine accurately the jet 
velocity from such ill defined curves and these were thus discarded. 
It was thought that they resulted as a consequence of a poorly def ined 
jet head. 
Figs. (78) (79) and (80) show the relationship between max' 
. jet velocity and impact Mach number of the piston. It can be seen 
that, in general, the numerical work agrees well with the experimental.. 
results although significant scatter of the experimental results exists. 
Large fluctuations in jet velocity for a given piston velocity have 
been observed experimentally by previous investigators (40,, 45). These 
fluctuations may in part be due to variatioýs in the tensile strength 
of the water (see 7.2.2). It was found in the earlier experiments, 
however, that large pieces of Mylar diaphragm, which had initially 
retained the water, were lodged in the nozzle for the duration of discharge. 
It would appear that the consequent change in nozzle profile was largely 
responsible for the variation in jet velocity. 
The original diaphragm thickness of 0.01 ins. was reduced to 
0.001 ins. in an attempt to avoid the latter velocity variation. It was 
found that the thinner diaphragms were completely extruded from the nozzle 
although some fluctuation in velocity still persisted. 
It was noted on several shots that pieces of Mylar diaphragm, which had 
originally contained the water packet, jammed between the nylon piston and 
the barrel wall, causing the piston to become stuck. On such occasions 
a much lower velocity jet would be produced and so the results were 
discarded. This problem was largely overcome by using a thinner diaphragm 
and a sharp edged piston. - However, the piston still clearly jammed on 
occasions. The results for the nylon piston should therefore 
be viewed 
0. 
with some suspicion. In addition, the effective wave speed of nylon 
66 is 
difficult to assess as its physical properties may vary from sample to 
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sample, as a function of moisture content, temperature and rate of 
strain (21,97). ý Two curves are presented in fig. (80) to show how 
the relationship between maximum j et velocity and impact Mach number 
can vary with the piston material wave speed. The correlation between 
the experimental results and the numerical work is not so good with the 
higher value of wave speed. The latter finding implies that the 
effective wave speed of the specific nylon piston used in the experiments 
lies somewhat between these two values. This assumption was strengthened 
by the results of a separate experiment which found the wave speed of the 
specific nylon piston used in the tests to be 1,258 m/s . (see App. (9)). 
SI'Milar experiments with the steel and aluminium pistons gave a percentage 
error of 0.2% and 2% respectively with regard to the values used in the 
numerical study. This discrepancy was found to have a negligible effect, 
however, on the value of maximum jet velocity (see fig. (56)). 
Some variation between the experimental and numerical work is to be 
expected for the following reasons: 
Ca) The exponential prof ile is approximated to by a series of curves 
(see App. (7)). 
(b) The influence of air in the nozzle is neglected. 
Cc) Variations in the nozzle profile due to the high pressures generated 
are neglected. 
The flow to the nozzle entrance cannot. strictly be described as one- 
dimensional. 
(e) The one-dimensional impact theory neglects radial motion 
in the piston. 
(f) Changes in the nozzle profile due to extruded diaphragms may cause 
noticeable variations in jet velocity. 
Pieces of 1,,,, fylar diaphragm that originally retained the water may jam 
between the piston and barrel wall causing a noticeable variation 
in 
jet velocity. 
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(h) Minor variations in the angle that the piston strikes the water 
may cause differences in jet velocity. 
(i) Water leaking past the piston is neglected. 
Nevertheless, the experimental results strongly indicate that the 
one-dimensional finite difference method used in the present study can be 
employed to accurately analyse the impact-cumulation flow process. 
8.3. Effect of a Column of Grease on the Transducer Response. 
It was found that varying the length of the grease column in front 
of the transducer face from 0 to 15.64mm. had little effect on the 
transducer response to a transient signal. Fig. (81) shows that with a 
15.64mm. column of grease, the transducer fails to respond to very high 
I 
frequency signals, although overall its response is little different 
from that of the control transducer. The control transducer face is 
situated f lush with the chamber in which the pressure is to be measured. 
With a 4.46mm. column of grease the response of both transducers is 
virtually identical, as depicted in fig. (82). One advantage of a small 
grease column in front of the transducer, however, is that it damps 
the instrument 'noise'. It was f ound that varying the type of grease used 
to form the column also had little effect on the transducer behaviour. 
In view of the available information, it was decided to use a 7mm. 
column of Apiezon 'M' grease to protect the transducer when nozzle pressure 
measurements were made. 
8.4. Nozzle Pressure Measurement Data. 
It was found that a 7mm. column of Apiezon 'M1 grease successfully 
protected the transducer from damage when measuring the nozzle pressure. 
Fig. (83) shows the pressure history in the nozzle obtained experimentally 
at a point 0.1372m. from the nozzle entrance for the case of a 0.1m. steel 
piston. The piston velocity prior to 
impact was 28 m/s. The numerical 
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results are in good accord with- the experimental results as depicted 
in fig. ( 84). The first pressure peak occurs 15ps. after discharge 
and it can be seen that the numerical results predict a value some 12% 
higher than experimentally observed. The discrepancy between the 
numerical and experimental results, regarding nozzle pressure, may occur 
for the same reasons as those given to explain the variation in jet velocity. 
In addition the 7mm. column of grease may have damped, to a degree its 
high frequency response, which would also account for part of this 
discrepancy. 
Of great interest is that the second pressure peak predicted numerically 
for a steel piston is also observed experimentally. Of note is that the 
second pressure peak noticeably exceeds the first peak. 
The numerical work predicts the second impact some 100ps. later 
than that experimentally observed. Gas pressure behind the piston was not 
included in the analysis which may account for this discrepancy. In 
addition the order of 1,600 individual time steps have been performed by 
this stage of the calculations and the accuracy of the numerical work cannot 
be completely relied upon. 
In general, the numerical work accurately predicts the pressure 
history in the nozzle. The effect of placing a 7mm. column of grease in 
front of the transducer,, in an attempt to avoid damage to the instrument, 
would appear to have a small effect on the accuracy of the pressure measure- 
ment. It may be desirable, however, in future experimental work to reduce 
the length of the column to improve the transducer response. 
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Conclusions. 
The main conclusions arising from the present work in relation to 
the technology and use of pulsed water jets are as follows: - 
(1) - The jet velocity decay at the nozzle exit plane is directly 
11 related to the ratio of water packet length to nozzle length (Lr = L 
Short nozzles for a given area ratio and water packet length produce the 
most rapid velocity decay. 
(2). For a length ratio up to unity the value of maximum j et velocity 
remains constant. For length ratios greater than unity however, the 
maxi L mum velocity progressively declines with increasing nozzle length. 
The smaller the length ratio the greater the pressure developed within 
the nozzle and Che greater the decay in velocity at the nozzle exit plane. 
C3). In the present study, the 'stagnation impulse' was introduced as an 
additional performance criterion. It was found in the present numerical 
work that this was the most valuable indicator of nozzle performance when 
comparing nozzles having different values of maximum jet velocity and 
velocity decay rate. In addition it was shown that the useful stagnation 
k 
impulse provided by a given nozzle depends on the threshold velocity of 
the target. This implies the need to design a specific nozzle for a 
particular application. 
CQ. It was found that the stagnation impulse was directly proportional 
to the water packet length for a given impact Mach number and length 
ratio. The volume of water employed in a water cannon will clearly 
exert an 3Lmportant influence on its performance. 
C5) . Enhancement 
in both initial jet velocity and in the stagnation 
impulse are obtainable if the initial water packet velocity is increased. 
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This increase in performance is accompanied, however, by a significant 
increase in the internal pressure developed in the nozzle. 
Increasing the overall area ratio also increases the maximinn 
jet velocity and the stagnation impulse, but only at the expense of 
generating even higher pressures in the nozzle than arise from 
corresponding enhancement in performance obtained by increasing the 
initial water packet velocity. An added penalty of increasing the nozzle 
area ratio, for fixed inlet conditions, is the diminution in initial jet 
cross section. This in turn reduces the net impulse available and may 
also lead to a reduction in the time duration of the initial water-hammer 
impact of the jet head. A larger diameter jet can also have an advantage 
when used on a target that is composed of hard particles embedded in a 
softer material. In overall terms, adjusting the nozzle length ratio and 
initial fluid packet velocity would appear to be a more attractive means 
of optimising nozzle performance, than is the use of high area ratios. 
(7). The inclusion of a collimator in a nozzle results in an increase 
in maximum jet velocity at the nozzle exit plane. The pressure at the 
nozzle exit plane may be reduced to atmospheric by 'tuning the collimator 
length. This reduction in pressure avoids the cavitational break up and 
subsequent loss in performance associated with the emergence of a super- 
sonic jet. The numerical work predicts, however, that regions of 
cavitation will rapidly develop in the collimator, thus reducing the 
effective life of the jet. It must be added however, that the present 
study neglected the effects of the air ahead of the advancing water 
front 
in the nozzle on the flow process. 
C8). The distribution of cross-sectional area of the nozzle has a 
significant effect on performance. 
If a family of curves, described by 
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a specific mathematical function, are investigated then for one of 
these curves an approximately linear relationship between water packet 
leading edge velocity and axial distance along the nozzle axis can be 
attaine . It was found that thiý linear relationship resulted in the 
maximum stagnation impulse. It was also found that this maximum stagnation 
impulse occurred in nozzles that had a large rate of change of cross- 
sectional area near the entrance and a smaller rate of change near the 
nozzle exit. In general, increasing the rate of change of cross- 
sectional area in the vicinity of the nozzle entrance results in the 
following: - 
(a) a lower maximum jet velocity; 
Cb) a lower rate of decay of jet velocity; 
Cc) a lower value of maximum pressure developed within the nozzle; 
an increase in the ratio of jet stagnation pressure, at the instant 
of discharge, to the maximum static pressure developed within the 
nozzle; 
(e) a possible increase in stagnation impulse due to the decreased 
decay rate even though, the maximum velocity is low. 
For a very large rate of change of area ratio in the vicinity of 
the nozzle entrance, cavitation rapidly develops within the nozzle and 
reduces the effective life of the jet. The numerical work suggests 
that the best nozzle shape is that giving a linear relationship between 
the leading edge velocity and axial distance along the nozzle. It is 
unlikely that thi's shape will be exactly defined by a simple mathematical 
function in view of the complexity of the flow process. 
(9) ý. It was found that solid pistons which are short relative to 
the 
length of the water packet, resulted in a poor performance for a given 
impact Mach number. By increasing the length of the piston, however, 
irrespective of its material, an asymptotic level of maximum 
jet velocity 
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was reached. This level was identical to that attained by af luid 
4 piston of equal length to the water packet and identical impact Mach 
number. 
The numerical results suggest that large variation in the tensile 
strength of water have only a minor influence on the value of maximum 
jet velocity. It is thought unlikely that they are a major cause of the 
fluctuation in maximum jet velocity for a given piston velocity which was 
experimentally observed. 
(11). The flow process of an impact-cumulation device, employing a material 
of similar acoustic impedance to water, is almost identical to that of a 
f luid piston neglecting the initial impact phase. If a material such as 
steel, which has a much greater acoustic impedance, is employed then only 
a small portion of the piston kinetic energy is transferred to the water 
before a state of cavitation develops at the piston-water interface. The 
rear of the water packet eventually slows down however, and further impacts 
can occur. With a piston of high acoustic impedance the second impact can 
result in extremely large pressures being generated in the nozzle; these 
pressures are even higher than those associated with the first impact. 
Th. is numerical prediction has also been observed experimentally. The 
a second impact may also result in a significant increase in the performance 
of the nozzle. Even long steel pistons are stopped before reaching the 
nozzle, however, by the braking action of the water; thus possible 
damage 
is avoided. 
(12). The impact-extrusion process was examined briefly and it was found 
that an extremely large pressure was developed 
in the nozzle shortly after 
discharge; the magnitude of this pressure was greater than 
for an impact 
cumulation process employing the same volume of water, 
nozzle and impact 
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Mach number. 
4 
It was found that the maximum jet velocity occurred shortly after 
discharge and then rapidly decayed; this decay was followed by a further 
rise in velocity. The velocity at the nozzle exit plane then oscillated 
qi in a complicated fashion with respect to time, although at a relatively 
high mean level. In view of the complexity of the flow process of both 
impact-cumulation and impact-extrusion it is difficult to compare them 
directly on the basis of the present numerical results. 
It was observed experimentally in a series of runs carried out at 
fi, Xed piston impact velocity that large variations in maximum jet 
ve ocity could occur. It was thought that this scatter occurred for the 
following reasons: - 
(4) pieces of the Mylar diaphragm, which originally retained the water 
may jam between the piston and barrel wall causing a loss of piston 
kinetic energy; 
(b) it is possible that minor variations in the angle at which the piston 
strikes the water may result in significant departure from ideal one- 
dimensional flow behaviour. 
Cc) small differences in jet velocity may occur as a result of variations 
4 xu the tensile strength of water. 
(14). The discrepancy resulting from the treatment of the aluminium and 
steel pistons as a rigid body in comparison with using the one-dimensional 
4 impact model was only a few percent. The nylon piston could not be 
accurately treated as a rigid body since its acoustic impedance value 
was similar to that of water. It was also found that a significant 
variation in wave speed of the piston material studied did not noticeably 
alter the value of maximum jet velocity, particularly 
for the case of a 
high acoustic impedance. This finding strengthened the one-dimensional 
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wave theory approach. 
It was found that a short column of grease adjacent to the 
pressure-transducer face did not significantly affect its response to 
a transient signal. It was also found that a similar column of grease 
protected the transducer from damage when measuring the nozzle pressure. 
Tb. is was an interesting f inding since previous investigators had been 
unahle to measure the nozzle pressure,, owing to transducer failure. 
C16). The photo-diode, piston velocity measurement system was found to 
give consistent and reliable results. The photo-diode system used to 
measure jet velocity was found satisfactory, although it occasionally 
gave unusual results, thought to be due to a poorly defined jet head. 
The present study has shown that a one-dimensional finite 
4ifference procedure can accurately model the unsteady compressible flow 
of water through. a converging nozzle. The influence of water packet 
length, nozzle length ratio, area ratio, impact Mach number, nozzle 
A 
internal profile, collimator length, piston length and piston material 
acoustic properties on the performance of an impact -cumul at ion device have 
been investigated. In addition impact-extrusion devices and the initial 
position of the water in the nozzle have been examined briefly. Further 
work includes developing an accurate system to measure the pressure in 
the nozzle whilst avoiding damage to expensive Piezo-electric transducers. 
On this basis the objectives of the present study have been achieved. 
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10. Recommendations. 
(1) - The present study has shown that the highest stagnation 
'impulse 
for a given, allowable maximum pressure occurs with a relatively large 
rate of change of cross-sectional area near the nozzle entrance. In 
addition, it was noticed that the initial shape of the water packet had 
an important effect on the flow process. In both-the latter cases the 
flow cannot be described as one-dimensional and a two-dimensional finite- 
difference model is strictly required for an accurate analysis. It would 
appear realistic, if a two-dimensional numerical procedure is employed to 
analyse the flow, to include the effects of air in the nozzle ahead of the 
advancing water packet. Similarly, an attempt should. be made to consider 
more sophisticated nozzle shapes as it is unlikely that the optimum nozzle 
for a specific operation will be defined by a simple mathematical expression 
in view of the complicated flow process. 
C2). It was found in the present study that very large pressures were 
developed within the nozzle during the flow process. A future study to 
show the ef f ect of these pressures on the nozzle internal prof i le. and 
hence on performance would be of interest. 
C3). In view of the blast wave that precedes the jet from an impact- 
cumulation device, the possibility of ignition of inflammable materials 
and the dangers of excessive noise levels cannot be ignored. A two- 
di k mensional f inite dif f erence procedure such as F. L. I. C. (66 ) could prove 
of great value in improving the understanding of this part of the f low 
process and ways of reducing its effect could also be investigated. 
(4). In the, present study one-dimensional wave theory was used to 
analyse the piston-water impact process. Radial motion, which accompanies 
the passage of a longitudinal wave, was neglected as were air cushioning 
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effects. The piston was also considered to strike the water packet 
directly. Preliminary wave-velocity experiments, however, suggested 
the possibility of oblique impact occurring. Future work, therefore, 
is required to improve the understanding of the complicated wave process 
that can occur within the piston, particularly for the case of oblique 
impacts. 
The present study has shown that the limiting design, factor of the 
impact-cumulation device is the extremely large pressures which are 
generated within the nozzle. More information is clearly required on the 
behaviour of these nozzles operating at high pressures, particularly with 
respect to their fatigue-life. 
C6). A detailed photographic study would prove extremely valuable when 
studying the effect of nozzle shape and surface finish on jet stability. 
Photographic techniques could also be of interest in recording the f low 
process actually within the barrel and nozzle. 
The indications of the present numerical study, regarding nozzle 
geometry and choice of piston performance, should be pursued further by a 
detailed experimental study, particularly regarding damage to specific 
target materials. 
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Tensibý Test Results 
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APPENDIX rl): Derivation of Finite Difference Equations using the 
e Method. 
The fol). owing example illustrates the development of a finite 
difference analogue using the integral method. Let the differential 
equation to be analysed be given by: 
(UI7) 2 
.#+k 
6'y 
xa X2 
where y is a variable, t the time, u the velocity, x the distance and 
ka constant. The first step is to integrate equation (1) over a time 
period from t to t+ At and over a spatial region from (x - 
Ax to 
(x + 
Ax ), giving: 2 
+Ax/2 t+At 
/2 
Y dt 
X-lsxx t 
k/ 
t+At- x+Ax/2 
t t 
fx-Ax/2 
t+At" x+Ax/2 
dx 
t x-Ax/2 
ý2 
y dx dt 
3x2 
Performing the inner integration results in, 
(uy) dx dt 
ýx 
(2) 
x+Ax/2 t+At 
y 
t+&t 
-Y 
t dx =- (UY) x+Ax/2 - 
(UY) 
x-Ax/2 
dt 
x-Ax/2 tt - 
kj 
t+At - 
3y ý-y dt 
6x 
txI x+Ax/2 
I 
x-Ax/2 
The remaining integration: is perfornled nu. 7-, 2rically. 
theorem allows the approximate solution: 
Z1 +AZ 
,f (Z) d=f (Z) AZ 
Z 
Where Z1<Z<Z1 +AZ 
Equation (3) then becomes: 
-t 
t+At t (UY) tAt (Y 
X"' yx 
)Ax=-f(uy)x+Ax/2 x-Ax/21 
+k 
3y t iz t At 
.6x x+Ax/2 
3x 
x-Ax/2 
I 
(3) 
The mean-value 
(4) 
(5) 
X+Ax 
Now yt Yt 
ýy 
dx 
X+Ax x 3x 
x 
Using the mid point rule equation (6) becomes: 
tt+ ýy 
Ax Yx+Ax "2 Yx 
x+Ax 
tt 
or ýx 
it 
Yx+Ax Yk, 
x+Ax/-2 
Ax 
t 
The value (uy) x+Lx. /2 
iS obtained by averaging 
(UY) ty x+Ax/2 
(uy)xt + (U')X'IAX 
(6) 
(7) 
(8) 
(9) 
241. 
Substituting equations (8) and (9) in (5) gives: 
t+At' t Ax (UY) 
t+ (uy) t+,. - 21 (uy) 
t- 
21 (uy) 
t 
YX -yx2xxx X-Ax 
At 
t 
YX 
Ax 
yt -Y 
t, At 
x X-ý-Ax 
Ax 
I (10) 
Dividing equation (10) uy AxAt gives: 
t+At ttt+kt+yt- 2y t YX !- Yx (uy)x+Ax - (uy)x-Ax' Yx+Ax X-Ax x 
At 2Ax Ax 
2 
(11) 
Where equation (11) is the f inite dif f erence analogue of equation 
(1) - 
242. 
APPENDIX (2) The FinitLi- Dix erence Equations,. 
The following finite difference equations form the nucleus of the 
present numerical computer programme. If necessary reference to the 
nomenclature can be made to identify the various parameters. 
t=tnt n-I 
Un. +I, 2Un. _ Un- 
J 
(2) 
in+l +1 n+j 2 + Sn At (3) 
n+l + Un+ in 2A 2t 
1 hi n+i w n+I W. u. 
2 s. 2 (5) 
n+ n n+l (6) AL2vi=f (x i, yiý i) 
n+ 1, V (Un+2' ýn+il L2-i2 
n+j. v f( n+l X n+l AI -Y-ý ii 
n+j nn n+1 n+l t(pn 
n 
j+j 
+ pj W. L (p 
pj- 
2j 
+J, 
(i '. n 
(9a) 
3+1 J-1 
OR 
if w n+j <0p n+j pn ii j+j (9b) 
n+j n+j n if w10pi Pi-i 
(p )n+21 pn+j , 
n+j V n+j 
(10) 
WA i2ii/At 
243. 
n+j n+j nnnn CEj"+ j+Ej-iit( Ej +I (X 1 +1 -x1 -1) 
OR 
n+ 
12 
IF w. +1 12 
+1 n 0 IF Wn. 
EA)n42 =(pwA) n+i 
e+2' 
(12) 
v n+l f n+l n+l j+I (X X. (13) i+I 
n+l n n+j + )n+j )n+l 2o M. mt WA j +1. - 
(PwA (14) 
J+2 
n+l (M n+l n+l (15) 
i i+i 
+ mj+21) 
n+l n+l n+l (16) Pj+l mj+1 /Vj+1 
222 
n+l +1 0 (17) f (p AIi +l) 22 
I 
c n+l (, 
P)n+l + 
ýn+l {pn+'l 
2 
(P ) n+l 
2 (18) 
+1 j+l J+l j+l E j+' 2222 
where pp 6p PE bp 
ap 5TE 
n+j I(Cn +C n+l c 
-* I j+j i+i J+2 
1, V) n+ 
1, 
= 
n+j n+l n 
n+21 (20) 2 (A V. -A2v (V. t) J+l j+l + 2LLi 
IF 
n+j n+l +n )(ý/V)n+j (Xn -xn Qj+j (Pj+j Pj+j j+j j+l i 
VIV)n+2 +aC 
n+j 
j" 2 j+j 
244. 
I 
IF (i/V)n+ 
2- 
j +I 
n+j 
i+l 2 
n+21 (pli n+l n+ I PQ + P. +Q2 j+1 1+1 J+j j+l (22) 2 
n+l n+i 
_ mn n+12 n+, 
(m 
1 +12 
Ei 
+21 +t+ (pwE&) j +2 i+ 21 
(PWFA)n+21 
i 
n+l n+l 22u. 2 An+2 Un+ j+l 3+ + 
PQ Aý+l (23) 
21 
n- n-I n-I u2+ Uj 2 (U. (24) 
(PWA)n-11 (PWA)n-j )n- + (p wTA 
2 (25) 
2 
e P- -1 -1 n-I -1 -1 n2n2U. 2n2 Un 2 (p wA) j t+ (pwA) j+IiI _j I 2 3+2 2 J-2 
n-I n-I n- 1 A. 2( pQ. 2- PQ 2) =0 (26) J+l 12 
n= ? /Mn ui (27) 
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APPENDIX 
ELECTRONIC CIRCUIT DIAGRAMS 
(a) Piston Velocity Module. 
(b) Jet Velocity Module. 
12V 
sv 
A 
OL 
of 
0 
A Light source (Quartz-halogen bulb) 
B High-speed photo-diode 
C 1M resistor. 
D IM rheostat 
E High speed voltage comparator(319) 
a 
21 
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APPENDIX 5 
Diaphragm Bursting Chatacteristlics. 
The magnitude of the driver gas pressure was controlled by the 
careful selection of a diaphragm. Three types of diaphragm were used 
in the present experimental study; these were: - 
(1) Aluminium Foil; 
Mylar Sheet; 
Machined Aluminium Plate. 
The majority of the test runs were made using a specially 
machined, 0.102cm. thick, aluminium plate as depicted in f ig. (A5.1). 
The depth of the cross grooves was varied to g-4. ve a range of ga-- 
driver pressures from 1.4 bar to 4.5 bar. It was found necessary to 
machine a square groove, in addition to the cross grooves, to ensure 
the diaphragm petals fully opened (see fig. A5.1). 
At pressures below approximately 1.4 bar the machining of the 
aluminium plate became difficult in view of the depth of cut requiredp 
in relation to. the overall thickness of the plate. Initially, aluminium 
foil was used as the alternative, the required bursting pressure 
being controlled by the number of sheets in a given diaphragm (see f ig. 
A5.2). Great care was needed in making the foil diaphragms and they 
tended to disintegrate on bursting, altogether proving unsatis actory. 
Diaphragms made of single sheets of Mylar were then tested and 
found 
capable of a wide pressure range, as depicted in fig. 
(A5.3). Mylar 
diaphragms could be made quicklyý were easy to use, were 
found to have a 
stable bursting pressure for a given thickness and are recommended 
for 
future test runs. 
26( 
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Fig. (A5.2): Aluminium foil diaphragm bursting pressure 
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Fig. (A5.3): Mylar Diaphragm bursting pressure. 
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APPENDIX 6 
Design Details of the Water-CAnnon. 
Salient dimensions of the water cannon used in the present study 
are given in Table (A6.1). The internal diameter of the gas driver 
chamber is greater than the barrel bore diameter for the majority of 
its length as depicted in f ig. (A6.1) - The volume of the latter 
chamber was determined experimentally by filling it with a known volume 
of water. 
Part Dimension 
Driver Chamb. er Volume 0.01308 m3 
Initial Distance between the rear 
face of the piston and driver 0.678 m 
chamber end plate. 
Barrel Length. 1 1.3 
Barrel Bore 1 0.0762 
Water Packet Length. 1 0.1524 m 
TABLE (A6.1) 
The pressures generated in the impact chamber can be determined 
using the one-dimensional impact model described in section 2.2. The 
stresses imposed on the impact chamber may then be calculated using 
"thick wall" theory (see Table(A6.2). and discussion below) - 
The magnitude and distribution of the pressure inside the nozzle 
can be obtained from the results of the finite-difference procedure. 
262. 
In an impact-cumulation device the maximum pressure on the nozzle occurs 
shortly after impact and is maintained at a relatively 
high level for only 
a few microseconds, limiting plastic deformation even 
if the stress is 
greater than the yield value. It is therefore possible 
that pressures in 
the nozzle may reach a higher level than would 
be permissible under steady 
263. 
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load conditions. An additional problem, however, is the long term 
fatigue life of the nozzle owing to the cyclic loading associated with 
a multi-shot device. It is difficult, therefore to assess the allowable 
pressure that may be developed within the nozzle. To indicate the upper 
limit of pressure, however, the value of maximum pressure that would 
(a) exceed the yield strength and(b) exceed the ultimate tensile strength 
of the nozzle under steady load conditions is given in Table (A6.2). 
A list of materials of the various water-cannon components is given in 
Table (A. 6.3). 
Component 
Tzpact'Chamber 
-11D = 0.0762m, 
OID = 0.203m. 
Nozzle 
Exponential Prof ile 
Length = 0.1524m. 
O/D = 0.127 
Exit Diameter, = 
0.00381m. 
5.24 
4.0 
TABLE(A6.2. ) 
2.56 
2.6 
Material ComDonent. I 
I Driver Chamber and Barrel 
a Piston Velocity Module 
Impact Chamber 
Water Packet Container 
Stainless Steel 
55 Carbon Steel CEN 9) 
Water Packet Container Sleeve 
Nozzle 
Piston (1) 
Piston (2) 
Piston (3) 
PistSjýln s 
TABLE (A63) 
MaXimum Pressure (kbar) Maximun Pressure (kbar) 
(Hoop Stress = UTS) (YLoop Stress = YS) 
55 Carbon Steel 
55 Carbon Steel 
Stainless Steel 
Mild Steel 
Mild Steel 
Nylon 66 
Aluminium Alloy (HE-30-TF) 
Nylon 
265. 
APPENDIX 7 
Nozzle Contour Measuring Device 
simple instrument was designed to measure the internal profile of 
the nozzle as depicted in fig - W. 1). This enabled periodic zhecks to be 
made to see if any significant plastic deformation or wear had taken place 
within the nozzle. It may be shown that the nozzle radius at any point is 
given by. -- 
r=r+d ex 
where r is the nozzle radius at a given point, re the exit radius, d the dial 
check reading, y the distance between the fulcrum point and the measuring 
tip and x the distance between the fulcrum point and the dial gauge. In 
the present study y equalled 0.58m. and x equalled 0.21m. and this enabled 
a 0.038mm. change in the nozzle profile to be detected on the dial gauge. 
Four equidistant stations were marked on the test nozzle as indicated 
in fig. (A7.2). The nozzle was then mounted on an L bracket which in turn was 
fitted to the table of a milling machine as shown in fig. (A7.3). The dial 
gauge and measuring bar were correctly positioned and then starting at 
point A the reading of the dial gauge was recorded at 15 positions along the 
length of the nozzle. This procedure was repeated twice for each measuring 
station. 
Fig. W-4) shows the percentage error in nozzle radius compared with 
the radius given by the exact exponential relationship. The nozzle prof 
ile 
i 
is in very good accord with the mathematical curve apart 
from a small region 
towards the end of the nozzle where the percentage error reached 
a maximum 
value of 12.6%. Fig. (A7.5) shows the percentage error 
in nozzle radius 
after 50 shots compared with the original 
dimensions and it can be seen 
that there is a negligible change in profile. 
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APPINDIX (8). The Equation of State for Water. 
The present numerical analysis employed an equation of state of 
water developed by Walker-and Sternberg(158) that was dependent on both 
der-sity and energy, namely 
ýP =PF1+ P3 F2+ P5 F3+P7F4 (1) 
Where P is the pressure in M- bar, P the density in gr/cc. and F1F2 
F3 and F4 are polynomials in E(energy), in Mbar-, Cc/gm. The internal energy 
0 was taken to be zero at 20 C and one atmosphere. Seven sig nificant 
figures were retained to enable the pressure to be calculated to within 
10-20 bar when the pressure was below 1 k. bar. The following functions 
were used in equation (1) 
0*E<0.006: f 0.005722427 - 1.240522E + 50.42535 E2 
1.400579 x 10 
3E3+4.137950 
x 10 
6E4 
2.726437 x 10 
8E5_1.295684 
x 10 
11 E6 
1.437988 x 1013E7 
0.006< E40.017: f1=0.001015091 - 0.3270122E' + 6.734616E** 
2 
(E" =E-0.006) + 1.552785 x 10 
4 E' 3_2.926440 x 10 
6 E' 4 
+ 2.1ý9341 x 10 
8 E' 
5 
- 5.615358 x 10 
9 E'6 
0.017 < E: f1=5.607572 x 10-4 + 0.1122840 E" 
(E'. ' =E-0.017) + 5o275769E', 
2 
+ 82.21745E ,3_ 147.1514E"4 
4.044093 x 10 
3E ,5-3.130131 x 10 
4E ,6 
2 
0eE ie 0.0032: f2 ý-0.0274818G + 
1.691130E + 17.1298lE 
4 3, 
_74 + 1.483354 x 10 E 1.549072 x 10 E 
95 11 6 
+ 3.415591 x 10 E 2.357818 x 10 E 
'2 
0.032 <E<0.0245: f2 -0.02215430 + 1.510990E - 
10.56299E 
3"3 5 '4 
(E' =E-0.0032) -5.411856 x 10 E+6.176871 
x 10-E 
-1.810118 x 10 
7E '5 
- 6.205700 x 10 
8E '6 
+ 
4.406075 x 10 
10 E 
'7 
_ 6.587460 x 10 
11 E 
'8 
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0245 
0.0245) 
f270.002499950 + 0.9374720E" 
- 4.624610E"2 - 44.52203E', 
3 
+ 375.1364E"4 
f3=0.0268 - 0.4148E 
0.005 + 0.0741E. 
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APPENDIX 9 
eriments used to determine the Piston stress wave velnrit-, 0 
simple experiment was devised to estimate the wave speed in the 
0.1m. aluminium, steel and nylon pistons. A small disturbance was 
created at one end of the piston as depicted in fig. (A9.1). This 
resulted in a short, low magnitude stress pulse being propagated which 
was consequently reflected within the piston as shown in fig. (A9.2). 
The disturbance was detected at one face of the piston by a piezo- 
electric transducer. This oscillating signal was stored in the transient 
recorder and then recorded using the x-y plotter. The wave speed CC) was 
then, given by: 
02 
t 
n 
where 0.2m. is the path length of the stress wave, N the number of 
reflections and t the time of N reflections. n 
The value of wave speed determined in this experiment was found 
to be in good agreement with those calculated using the one dimensional 
theory apart from the nylon piston as shown in Table A9.1. 
Wave Speed (m/s) 
Piston Material _____T 
One-Dimensional Theory ', Experiment Percentage 
Discrepancy 
0.2 Steel 5172 5160 
'5143 
5025 2 
I Aluminium 
'1029 22 1258 Nylon 21 1600 
TABLEA9.1 
Although there was good correlation between 
the latter results, the 
simple experiment described above was not completely 
satisfactory. The 
transmitted pulse, for example, was very short 
compared to the piston 
diameter which indicates that the mean wave 
speed should be lower than that 
given by the one dimensional theory 
(see section 2.2). Further complications 
271, 
arise because the disturbance was not applied across the entire face 
and the formation of P-type and S-type body waves must be considered. 
These travel at velocities different from that of a one-dimensional 
longitudinal wave(93). 
To check the above values of material wave speed, a further 
experiment was carried out. Essentially, this involved firing the piston 
under the influenceof aI bar pressure difference along the evacuated water- 
cannon barrel towards a stationary long steel bar. The velocity of the 
piston before impact and also the rebound velocity were recorded using 
the standard piston velocity measurement system. In addition the time 
the piston remained in contact with the steel was recorded (see fig. (A9.3). 
The latter time gives the period the stress wave generated on impact takes 
to reflect off the rear of the piston and reach the piston-bar interface 
again. It is possible, therefore, from the time of contact to calculate 
the mean wave speed. From the change in momentum ol the piston bef ore 
and after impact, (which can be calculated from the velocity measurements) 
and the stress wave speed it was hoped to determine the mean piston-bar 
interface pressure over the contact period. This would enable the one- 
dimensional impact theory to be checked and modified if necessary with 
suitable coefficients. It was found, however, that the experimentally 
determined velocity readings were consistent but the contact 
time varied 
considerably and also for a significantly longer period 
than predicted. 
The reasons for this are not entirely known at present 
but are thought 
to be primarily due to the piston striking the 
bar at an oblique angle, 
the propagation of the. resulting stress waves 
being extremely complicated. 
Oblique piston impact on the water packet may 
partly explain the 
variations in maximum jet velocity experimentally 
observed. Clearly more 
work is required to clarify this point. 
PISTCN 272 
PRESSURE TRANSDUCER 
DISTuRBANCE , 
Fig. (A9.1): Schematic Diagram of Init L ýal Wave Veloci'-y 
Measurement System. 
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Fig. (A9.2): Typical Output from Initial Wave Velocity. 
Measurement System. 
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Fig. (A9.3): Schematic Diagram of Second Wave Velocity 
Measurement System. 
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